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+?i2iX >2mixmi;2 rB`/ pB2H
xm` Mr2M/#`F2Bi pQM bmT`H2Bi2M/2M Ji2`BHB2M ;27Q`b+?i mM/ i2BHr2Bb2 b+?QM FQKK2`@
xB2HH ;2MmixiX
wm /2M rB+?iB;bi2M 1B;2Mb+?7i2M /2` amT`H2Bi2` 7Ƀ` /2M Mr2M/mM;b#2xQ;2M2M 1BMbix
x ?H2M /B2 Jƺ;HB+?F2Bi ?Q?2 ai`QK/B+?i2M xm i`MbTQ`iB2`2M- /B2 1`x2m;mM; ?Q?2` J@
;M2i72H/2` mM/ m+? /B2 b+?`72 "2;`2MxmM; /2b 2H2Fi`Bb+?2M ai`QKi`MbTQ`i2bX C2/Q+?
bBM/ /B2b2 1BMbix#2`2B+?2 bi`F pQM /2M Ki2`BHbT2xB}b+?2M KBF`Q@ mM/ KF`QbFQTBb+?2M
1B;2Mb+?7i2M /2` amT`H2Bi2` #? M;B;X wm 2BM2` /2` rB+?iB;bi2M 1B;2Mb+?7i2M 2BM2b am@
T`H2Bi2`b x ?Hi /B2 o2`MF2`mM; /2b [mMiBbB2`i2M K;M2iBb+?2M 6Hmbb2b BK amT`H2Bi2`X aB2
Bbi ?mTib +?HB+? 7Ƀ` /B2 6 ?B;F2Bi p2`MirQ`iHB+? ?Q?2 2H2Fi`Bb+?2 ai`ƺK2 i`MbTQ`iB2`2M
xm FƺMM2M- rB2 bB2 #2BbTB2Hbr2Bb2 7Ƀ` E#2H mM/ J;M2i2M MQir2M/B; BbiX .B2 6Q`b+?mM; M
amT`H2Bi2`M #2r2;i bB+? xrBb+?2M /2` Mr2M/mM; mM/ /2` :`mM/H;2M7Q`b+?mM;X amT`@
H2Bi2M/2 E#2H r2`/2M #2BbTB2Hbr2Bb2 BK SBHQiT`QD2Fi KT*Biv BM 1bb2M p2`r2M/2i mK
xr2B lKbTMMbiiBQM2M xm p2`#BM/2MX m+? r2MM 2b b+?QM pB2H2 Mr2M/mM;2M pQM am@
T`H2Bi2`M ;B#i- Bbi /2` T?vbBFHBb+?2 J2+?MBbKmb- r2H+?2` xmK bmT`H2Bi2M/2M wmbiM/
BM >Q+?i2KT2`im`bmT`H2Bi2`M 7Ƀ?`i- MQ+? MB+?i pQHHbi M/B; p2`biM/2MX .2` 6QFmb HB2;i
?B2`#2B #2B /2` Mr2M/mM; rB2 m+? #2B /2` :`mM/H;2M7Q`b+?mM; /`m7- /b o2`?Hi2M
/2` 6HmbbHBMB2M mM/ /B2 /KBi p2`#mM/2M2 AM7Q`KiBQM Ƀ#2` ai`QKi`MbTQ`i +?`Fi2`B@
bB2`2M xm FƺMM2MX 6Ƀ` /B2b2 *?`Fi2`BbB2`mM; ;B#i 2b p2`b+?B2/2M2 J2i?Q/2M- r2H+?2 HH2
A?`2 oQ`@ mM/ L+?i2BH2 #2bBix2MX
oB2H2 /B2b2` J2i?Q/2M b2ix2M pQ`mb- /bb S`Q#2M p2`r2M/2i r2`/2M- r2H+?2 2BM2 QTiBK@
H2 2BMF`BbiHHBM2 ai`mFim` m7r2Bb2MX wm /B2b2M J2i?Q/2M x ?H2M /B2 aZlA. JBF`QbFQTB2
(j)- /B2 K;M2iBb+?2 _bi2`F`7iKBF`QbFQTB2 (9) mM/ /B2 _bi2` >HH JBF`QbFQTB2 (8)X .B2@
9
b2 J2i?Q/2M #B2i2M D2/Q+? MB+?i /B2 m~ƺbmM; mK 2BMx2HM2 6HmbbHBMB2M /`xmbi2HH2MX 6Ƀ`
/B2 m~ƺbmM; 2BMx2HM2` 6HmbbHBMB2M bBM/ J2i?Q/2M rB2 /B2 m7 aiB+FbiQz72?Hbi2HH2M #bB2@
`2M/2 J;M2iQK2i`B2 (e) Q/2` /B2 _bi2`imMM2HKBF`QbFQTB2 (d) MQir2M/B;X .B2 6`/v@
JBF`QbFQTB2 (R- 3)- 2BM2 r2Bi2`2 r2Bi 2i#HB2`i2 J2i?Q/2 xm` ##BH/mM; /2` K;M2iBb+?2M
6Hmbb/B+?i2p2`i2BHmM; bQrB2 2BMx2HM2` 6HmbbHBMB2M mMi2` #2bQM/2`b T` T`B2`i2` "2/BM;mM@
;2M- }M/2i 2#2M7HHb Mr2M/mM; BM /B2b2` `#2BiX
.2b q2Bi2`2M rB`/ 2BM2 M2m`iB;2 J2i?Q/2 xm` oBbmHBbB2`mM; /2` K;M2iBb+?2M 6Hmbb@
/B+?i2p2`i2BHmM; p2`r2M/2iX .B2b2 FMM Hb q2Bi2`2MirB+FHmM; /2` K;M2iQQTiBb+?2M J2@
i?Q/2 #2i`+?i2i r2`/2M- r2H+?2 pQK bB+?i#`2M GB+?i BM /2M _ƺMi;2M#2`2B+? i`Mb72`B2`i
rm`/2(Rj)X o2`;H2B+?#` xm /B2b2` J2i?Q/2 rB`/ m+? ?B2` 2BM2 a2MbQ`b+?B+?i p2`r2M/2i-
mK /B2 6Hmbb/B+?i2p2`i2BHmM; /`xmbi2HH2MX .B2b2 J2i?Q/2- /B2 6Hmbb/B+?i2p2`i2BHmM; BM
2BM2 72``QK;M2iBb+?2 a+?B+?i 2BMxmT` ;2M- rm`/2 m+? #2B S?QiQ2KBbbBQMb2H2Fi`QM2MKB@
F`QbFQTB2 Us@S11J @ t@`v T?QiQ2H2+i`QM 2KBbbBQM KB+`Qb+QTvV (N- Ry) p2`r2M/2iX
1`r2Bi2`mM;2M xm` _ƺMi;2MKBF`QbFQTB2,
.b >mTim;2MK2`F /B2b2` `#2Bi Bbi /B2 1`r2Bi2`mM; /2` _ƺMi;2MKBF`QbFQTB2K2i?Q/2
xm iB272`2M h2KT2`im`2MX >B2`7Ƀ` rm`/2 7Ƀ` /b #2bi2?2M/2 _ƺMi;2MKBF`QbFQT Jsu@
Jla K avM+?`Qi`QM "2bbv AA /2b >2HK?QHix w2Mi`mK BM "2`HBM 2BM M2m`iB;2` >2HBmK@
F`vQbii 2MirB+F2HiX .B2b2` 2`Kƺ;HB+?i 2b- Ji2`BHB2M #Bb xm 2BM2` h2KT2`im` pQM 20E
xm p2`K2bb2MX :2`/2 BK 6HH2 pQM amT`H2Bi2`M #B2i2i /B2b /B2 Jƺ;HB+?F2Bi m+? M/2`2
bmT`H2Bi2M/2 Ji2`BHB2M p2`r2M/2i r2`/2M FƺMM2M- r2H+?2 2BM2 iB272`2 aT`mM;i2KT2`im`
#2bBix2MX HH;2K2BM 2`ƺzM2i bB+? /KBi /B2 Jƺ;HB+?F2Bi m+? M/2`2 K;M2iBb+?2 S? MQ@
K2M2 #2B iB272M h2KT2`im`2M xm mMi2`bm+?2MX
"2xQ;2M m7 /2M ?B2` p2`r2M/2i2M amT`H2Bi2` u"k*mjPd@δ- 2`Kƺ;HB+?2M iB272`2 h2KT2`@
im`2M ?ƺ?2`2 ai`QK/B+?i2M mM/ /KBi m+? 2BM ?ƺ?2`2b J;M2i72H/ BM /2` 1#2M2- r2H+?2b
#2MƺiB;i rB`/- mK /B2 72``QK;M2iBb+?2 a2MbQ`b+?B+?i xm b iiB;2MX
hB272`2 h2KT2`im`2M bi2HH2M /B2 _bi2``ƺMi;2MKBF`QbFQTB2 D2/Q+? pQ` M2m2 >2`mb7Q`/2@
`mM;2MX .b pQ`?M/2M2 _ƺMi;2MKBF`QbFQT Bbi MB+?i 7Ƀ` iB272 h2KT2`im`2M mb;2H2;i- rb
#2/2mi2i- /bb /b oFmmK BM /2` J2bbFKK2` /7Ƀ` bQ`;i- /bb bB+? 2BM2 ;27`Q`2M2 _2bi@
;bb+?B+?i m7 /2` S`Q#2 #H;2`iX .B2b2 7Ƀ?`i BK 6HH2 /2` J2bbmM; /2b S`Q#2Mbi`QK2b
Uh1u@JQ/mbV /xm- /bb 2b `b+? xmK o2`Hmbi /2b aB;MH2b FQKKiX mb /B2b2K :`mM/





AM /B2b2` `#2Bi rB`/ xm "2;BMM 2BM ɂ#2`#HB+F Ƀ#2` /B2 i?2Q`2iBb+?2M :`mM/H;2M xmK
ai`QKi`MbTQ`i BM amT`H2Bi2`M mM/ xmK 62``QK;M2iBbKmb ;2;2#2MX AK /`mzQH;2M/2M
ETBi2H r2`/2M /B2 p2`r2M/2i2M J2bbK2i?Q/2M- aZlA.@J;M2iQK2i`B2- K;M2iQQTiBb+?2
6`/v@JBF`QbFQTB2 mM/ JBF`QbFQTB2 mMi2` o2`r2M/mM; /2b _ƺMi;2M/B+?`QBbKmb2b KBi
/2K M2m2M >2HBmKF`vQbii2M 2`H mi2`iX .B2b2 #2B/2M JBF`QbFQTB2K2i?Q/2M #2`m?2M m7
/2` q2+?b2HrB`FmM; pQM TQH`BbB2`i2K GB+?i KBi K;M2iBb+?2` Ji2`B2- r2H+?2 xm` ##BH@
/mM; K;M2iBb+?2` .QK M2M mM/ K;M2iBb+?2` 6Hmbb/B+?i2 Mr2M/mM; }M/2iX
.B2 p2`r2M/2i2M S`Q#2Mbvbi2K2 mM/ B?`2 >2`bi2HHmM; r2`/2M BM ETBi2H 9 /BbFmiB2`iX >B2`
rB`/ m+? /B2 S` T`iBQM /2` h`MbKBbbBQMbK2bbmM;2M ;2Mm /`;2bi2HHi- r2H+?2 2bb2MiB@
2HH Bbi 7Ƀ` /B2 _ƺMi;2MKBF`QbFQTB2K2bbmM;2M #2B iB272M h2KT2`im`2M BbiX
.2` 1`;2#MBbi2BH Bbi BM ETBi2H 8 xm }M/2MX >B2` rB`/ xmM +?bi /b S`Q#2Mbvbi2K +?`F@
i2`BbB2`iX .`mMi2` 7 HHi /2` 1BM~mbb /2b amT`H2Bi2`b m7 /2M 62``QK;M2i2M- /2` 1BM~mbb
/2b 62``QK;M2i2M m7 /2M amT`H2Bi2` mM/ 2BM o2`;H2B+? /2` K;M2iBb+?2M JQK2Mi2 /B2@
b2` Ji2`BHB2MX Mb+?HB2Ľ2M/ r2`/2M /B2 1`;2#MBbb2 /2` _ƺMi;2MKBF`QbFQTB2K2bbmM;2M
KBi /2M 2MibT`2+?2M/2M 1`;2#MBbb2M mb /2` J;M2iQQTiBF p2`;HB+?2MX .`m7 7QH;i 2BM2
.`bi2HHmM; /2` 1B;2Mb+?7i2M /2` _ƺMi;2MKBF`QbFQTB2K2i?Q/2X
AK ETBi2H eXR r2`/2M MmM /B2 M2m2M Jƺ;HB+?F2Bi2M /m`+? /B2 _ƺMi;2MKBF`QbFQTB2 m7@
;2x2B;iX .b #b+?HB2Ľ2M/2 1`;2#MBbFTBi2H dXk #2b+?`2B#i /2M ɂ#2`;M; pQM /2` J2bbmM;
/2b S`Q#2Mbi`QKb xm` h`MbKBbbBQM BM /2` _ƺMi;2MKBF`QbFQTB2X >B2`mMi2` 7 HHi m+? /B2
"2i`+?imM; /2` S`Q#2MT` T`iBQM- r2H+?2 7Ƀ` h`MbKBbbBQMbK2bbmM;2M 2bb2MiB2HH BbiX .B2
`#2Bi rB`/ #;2b+?HQbb2M KBi 2BM2K mb#HB+F mM/ /2` .BbFmbbBQM /2` >2`mb7Q`/2`mM;2M
xm /B2b2` JBF`QbFQTB2K2i?Q/2X
wmbKK2M7bb2M/ FMM /B2b2 `#2Bi Hb 1`r2Bi2`mM; 2BM2` M2m2M JBF`QbFQTB2K2i?Q/2
;2b2?2M r2`/2M- BM r2H+?2` /B2 .BbxBTHBM2M Ji2`BHrBbb2Mb+?7i2M- S?vbBF- *?2KB2 mM/
h2+?MBF p2`2BMi r2`/2MX .B2 rBbb2Mb+?7iHB+?2M h?2K2M J;M2iBbKmb- amT`H2BimM;- /B2
q2+?b2HrB`FmM; pQM GB+?i KBi Ji2`B2 r2`/2M p2`#mM/2M KBi E`vQi2+?MBF- _ƺMi;2MKB@
F`QbFQTB2 mM/ mb;272BHi2` S`Q#2MT` T`iBQM mM/ `2bmHiB2`2M BM /2` 1`r2Bi2`mM; 2BM2`




wm` ##BH/mM; /2` ai`QKp2`i2BHmM; BM amT`H2Bi2`M r2`/2M BM /B2b2` `#2Bi /B2 K;M2@
iBb+?2M 1B;2Mb+?7i2M 2BM2` 72``QK;M2iBb+?2M a+?B+?i ;2MmixiX .?2` r2`/2M /2` bi`QK@
i`;2M/2 wmbiM/ 2BM2b amT`H2Bi2` BM #b+?MBii kXR #2b+?`B2#2M mM/ BM #b+?MBii kXk /2`
62``QK;M2iBbKmb BM /ɃMM2M a+?B+?iX
kXR .2` bi`QKi`;2M/2 wmbiM/
. 2b bB+? BM /2` pQ`HB2;2M/2M `#2Bi mK amT`H2Bi2` xr2Bi2` `i ?M/2Hi- rm`/2 BK 7QH;2M@
/2M ETBi2H /2` 6QFmb m7 /2M ai`QKi`MbTQ`i /B2b2` 72bi;2H2;iX AM /2M 2`bi2M #b+?MBii2M
# kXRXR bQHH2M /B2 bmT`H2Bi2M/2M 1B;2Mb+?7i2M Fm`x 2`H mi2`i r2`/2MX .B2 MbKKHmM;
mM/ o2`i2BHmM; pQM 6HmbbHBMB2M bQHH # #b+?MBii kXRX9 ;2Mm2` #2i`+?i2i r2`/2MX #b+?HB2@
Ľ2M/ bQHH /B2 S?vbBF BM /ɃMM2M bmT`H2Bi2M/2 a+?B+?i2M BM #b+?MBii kXRXRy #2b+?`B2#2M
r2`/2MX
kXRXR 1Mi/2+FmM;
JBi /2` 1``mM;2Mb+?7i pQM >2BF2 EKK2`HBM;? PMM2b RNy3 >2HBmK 2`biKHb xm p2`~ɃbbB@
;2M- 7QH;i2 /B2 1Mi/2+FmM;- /bb Zm2+FbBH#2` (Rk) b2BM2M 2H2Fi`Bb+?2M qB/2`biM/ #2B 4, 2E
p2`HB2`iX ##BH/mM; kXR x2B;i /B2 P`B;BMHK2bbFm`p2 /2b qB/2`biM/2b pQM Zm2+FbBH#2` mb
/2K C?` RNRRX .B2b2 x2B;i- /bb Zm2+FbBH#2` mMi2`?H# pQM 4.2E F2BM2M K2bb#`2M- 2H2F@
i`Bb+?2M qB/2`biM/ ?iX AM7QH;2 /2bb2M mMi2`bm+?i2 EKK2`HBM;? PMM2b m+? r2Bi2`2
Ji2`BHB2M m7 /2M o2`Hmbi /2b 2H2Fi`Bb+?2M qB/2`biM/2b mM/ 2Mi/2+Fi2 m+? /B2 amT`@
H2BimM; pQM "H2B mM/ wBMMX L2#2M /2K o2`Hmbi /2b 2H2Fi`Bb+?2M qB/2`biM/2b mMi2`?H#
2BM2` F`BiBb+?2M h2KT2`im` Tc Bbi m+? /B2 1B;2Mb+?7i /2b B/2H2M .BK;M2iBbKmb2b
2BM2 7mM/K2MiH2 1B;2Mb+?7i pQM amT`H2Bi2`MX .B2b2` bQ;2MMMi2 J2BbbM2`@P+?b2M72H/@
d
ETBi2H k amT`H2BimM; mM/ J;M2iBbKmb
##BH/mM; kXR, P`B;BMH@
K2bbFm`p2 mb /2` o2`ƺz2Mi@
HB+?mM; pQM EKK2`HBM;?
PMM2b URNRRV (Rk)X .B2b2
x2B;i /2M o2`Hm7 /2b 2H2F@
i`Bb+?2M qB/2`biM/2b ;2;2M
/B2 h2KT2`im` 7Ƀ` Zm2+FbBH@
#2`X
1z2Fi (R9) #2b+?`2B#i /B2 pQHHbi M/B;2 o2`/` M;mM; /2` K;M2iBb+?2M 6Hmbb/B+?i2 mb /2K
AMM2`M /2b amT`H2Bi2`bX .B2b2` 1z2Fi Bbi pQM /2` oQ`;2b+?B+?i2 mM#? M;B;- /B2b #2/2mi2i-
2;H Q# BK 62H/ ;2FɃ?Hi rQ`/2M Bbi Q/2` 2`bi #2B iB272M h2KT2`im`2M 2BM 62H/ M;2H2;i
rm`/2- /B2 K;M2iBb+?2 6Hmbb/B+?i2 rB`/ mb /2K amT`H2Bi2` p2`/` M;iX >B2`mb 7QH;i-
/bb /2` bmT`H2Bi2M/2 wmbiM/ i?2`KQ/vMKBb+? rQ?H /2}MB2`i r2`/2M mM/ KBii2Hb /2`
:H2B+?;2rB+?ib/vMKBF #2b+?`B2#2M r2`/2M FMMX
kXRXk GQM/QM@h?2Q`B2
wmM +?bi rm`/2 /2` bmT`H2Bi2M/2 wmbiM/ KBi /2M Jtr2HH@:H2B+?mM;2M #2b+?`B2#2M-
r2H+?2 mM2BM;2b+?` MFi ;2Hi2MX .B2b2 :H2B+?mM;2M rm`/2M pQM 6`Bix mM/ >2BMx GQM/QM
(R8- Re) mK xr2B T? MQK2MQHQ;Bb+?2 Ji2`BH;H2B+?mM;2M 2`r2Bi2`iX .B2b2 xr2B :H2B+?mM@
;2M #2b+?`2B#2M /B2 Q#2M ;2MMMi2M 1B;2Mb+?7i2M- /B2 B/2H2 G2Bi7 ?B;F2Bi mM/ /2M B/2H2M
.BK;M2iBbKmbX
.B2 RX GQM/QMǶb+?2 :H2B+?mM; #2b+?`2B#i /B2 B/2H2 G2Bi7 ?B;F2Bi mM/ FMM p2`;HB+?2M
r2`/2M KBi /2K P?Kǵb+?2M :2b2ix BM LQ`KHH2Bi2`M jn = σE Q/2` /2K L2riQMǶb+?2M
:2b2ix F = maX 6Ƀ` /B2 "2b+?H2mMB;mM; pQM 1H2Fi`QM2M BM 2BM2K 2H2Fi`Bb+?2M 62H/ E
#2B p2`b+?rBM/2M/2K qB/2`biM/ ;BHi mv˙ = eE- KBi m mM/ e /2` Jbb2 mM/ G/mM;
pQM 1H2Fi`QM2MX . /B2 1H2Fi`QM2M /m`+? /b 2H2Fi`Bb+?2 62H/ BKK2` r2Bi2` #2b+?H2mMB;i
rɃ`/2M- Kmbb /b 2H2Fi`Bb+?2 62H/ BK AMM2`2M /2b amT`H2Bi2`b p2`b+?rBM/2MX .B2 ai`QK@
/B+?i2 Bbi ;2;2#2M /m`+? j = n · e · v rQ#2B n /B2 G/mM;bi` ;2`/B+?i2 BbiX .B2b 7Ƀ?`i xm`
3








.m`+? 1BMb2ix2M /2` _QiiBQM pQM :H2B+?mM; kXR BM /B2 Jtr2HH@:H2B+?mM; UrotE = ∂
∂t
BV
2`;B#i bB+? /B2 :H2B+?mM; U ∂
∂t
[rot(Λjs)+B]VX . /B2b xm D2/2` w2Bi ;2Hi2M Kmbb- 2`? Hi KM
/B2 kX GQM/QMǶb+?2 :H2B+?mM;- r2H+?2 /2M B/2H2M .BK;M2iBbKmb #2b+?`2B#i,
rot(Λjs = −B) UkXkV
>B2`KBi ?i KM 2BM2M pQHHbi M/B;2M aix M :H2B+?mM;2M UJtr2HH@:H2B+?mM;2M mM/ K@
i2`BHbT2xB}b+?2 GQM/QMǶb+?2 :H2B+?mM;2MV xm` o2`7Ƀ;mM; mK /2M bmT`H2Bi2M/2M wmbiM/
xm #2b+?`2B#2MX .2` o2`Hm7 /2` K;M2iBb+?2M 6Hmbb/B+?i2 FMM KBii2Hb /2` #2B/2M GQM@
/QMǶb+?2M :H2B+?mM;2M mM/ /2M Jtr2HH@:H2B+?mM;2M ?2`;2H2Bi2i r2`/2MX mb /2K K@
Tĕ`2Ƕb+?2M :2b2ix UrotB = μ0jsV KBi μ0 Hb oFmmKT2`K2#BHBi i rB`/ #2B biiBb+?2M
"2/BM;mM;2M U ∂
∂t
E = 0V /B2 _QiiBQM ;2#BH/2i mM/ BM /B2 kX GQM/QMǶb+?2 :H2B+?mM; 2BM;2@
b2ixi r2`/2MX .B2b 2`;B#i Urot rot B − μ0
Λ
B = 0VX JBi /2` Jtr2HH@:H2B+?mM; Udiv B = 0V













λ Bbi /B2 +?`Fi2`BbiBb+?2 G M;2 BM /2` bB+? /B2 6Hmbb/B+?i2 BK amT`H2Bi2`  M/2`M FMM- aB2
rB`/ GQM/QMǶb+?2 1BM/`BM;iB272 ;2MMMi mM/ Bbi bi`F Ki2`BH@ mM/ i2KT2`im`#? M;B;X
.B2 GQM/QM@h?2Q`B2 2`FH `i /2M T2`72Fi2M .BK;M2iBbKmb mM/ /B2 T2`72Fi2 G2Bi7 ?B;F2Bi
/2b bmT`H2Bi2M/2M wmbiM/b- bB2 2`FH `i D2/Q+? MB+?i /b 1BM/`BM;2M pQM K;M2iBb+?2K
6Hmbb #2B amT`H2Bi2`M kX `iX .?2` rm`/2 /B2 h?2Q`B2 2`r2Bi2`i mM/ ;2?i BM /B2 :BMx#m`;@
GM/m@h?2Q`B2 Hb :`2Mx7HH FH2BM2` EQ? `2MxH M;2M 2BMX
kXRXj :BMx#m`;@GM/m@h?2Q`B2
L+? /2` 1?`2M72biǶb+?2M EHbbB}xB2`mM; Bbi /2` i?2`KQ/vMKBb+?2 ɂ#2`;M; pQM LQ`@
KHH2Bi2` xm amT`H2Bi2` 2BM S?b2MɃ#2`;M; xr2Bi2` P`/MmM;- / 2`bi BM /2` xr2Bi2 #@
N
ETBi2H k amT`H2BimM; mM/ J;M2iBbKmb
H2BimM; /2` i?2`KQ/vMKBb+?2M SQi2MiBH2 lMbi2iB;F2Bi2M m7i`2i2MX >B2`/m`+? FMM /2`
P`/MmM;bT`K2i2` Ψ 2BM;27Ƀ?`i r2`/2MX >B2`#2B 2MibT`B+?i |Ψȷ| /2` .B+?i2 /2` bmT`@
H2Bi2M/2M G/mM;bi` ;2` nSX .B2b2` S`K2i2` p2`b+?rBM/2i 7Ƀ` T > Tc mM/ bi2B;i 7Ƀ`
T < Tc bi2iB; MX .?2` FMM /b i?2`KQ/vMKBb+?2 SQi2MiBH- /B2 K;M2iBb+?2 7`2B2 1M@
i?HTB2/B+?i2 gs- mK /B2 F`BiBb+?2 h2KT2`im` Tc M+? SQi2Mx2M /2b P`/MmM;bT`K2i2`b
2MirB+F2Hi r2`/2M,




|(−i∇− 2e A)Ψ|ȷ+ 1
2μ0
(B −Hext)2 UkX8V
.B2 AM/Bx2b n mM/ s bi2?2M 7Ƀ` /B2 MQ`KHH2Bi2M/2 #xrX bmT`H2Bi2M/2 S?b2X .B2 2`bi2M
/`2B amKKM/2M #2b+?`2B#2M /B2 7`2B2 1Mi?HTB2/B+?i2 /2b ?QKQ;2M2M amT`H2Bi2`b Q?M2
M;2H2;i2b  mĽ2`2b J;M2i72H/X .2` pB2`i2 amKKM/ #2b+?`2B#i /B2 FBM2iBb+?2 1M2`;B2 /2`
G/mM;bi` ;2` KBi /2` Jbb2 m- G/mM; 2e mM/ o2FiQ`TQi2MiBH AX .2` H2ixi2 amKKM/
#2b+?`2B#i /2M K;M2iBb+?2M 1M2`;B2Mi2BH /m`+? 2BM pQM mĽ2M M;2H2;i2b J;M2i72H/
HextX .B2 AMi2;`iBQM pQM :H2B+?mM; UkX8V Ƀ#2` /b oQHmK2M /2b amT`H2Bi2`b 2`;B#i /B2












JBi /2` o2`2BM7+?mM; 7Ƀ` /2M 2BM/BK2MbBQMH2M 6HH Q?M2 ai`ƺK2 Q/2` 62H/2` mM/ KBi






Ψ+ αΨ+ βΨ3 = 0 UkX3V
L+? ɂ#2`;M; xm` /BK2MbBQMbHQb2M :`ƺĽ2 f /m`+? Ψ = fΨ0 KBi /2K :H2B+?;2rB+?ibr2`i






f − f + f 3 = 0 UkXNV




EQ? `2MxH M;2 ξ Bbi /B2 G M;2MbFH m7 /2` /B2 G/mM;bi` ;2`/B+?i2 BK amT`H2Bi2` p@
`BB2`iX mb /2K o2`? HiMBb /2` #2B/2M +?`Fi2`BbiBb+?2M G M;2M λ mM/ ξ - r2H+?2 /b
r2b2MiHB+?2 o2`?Hi2M 2BM2b bmT`H2Bi2M/2M Ji2`BHb #2b+?`2B#2M- H bbi bB+? /2` :BMx#m`;@
Ry






JBii2Hb /B2b2M S`K2i2`b r2`/2M amT`H2Bi2` BM xr2B EHbb2M 2BM;2i2BHiX 6Ƀ` κ < 1√
2
?M@
/2Hi 2b bB+? mK amT`H2Bi2` RX `i mM/ /B2 P#2`~ +?2M2M2`;B2 Bbi TQbBiBpX 6Ƀ` κ > 1√
2
?M/2Hi 2b bB+? mK amT`H2Bi2` kX`i mM/ M2;iBp2` P#2`~ +?2M2M2`;B2X aQKBi FMM K@
;M2iBb+?2` 6Hmbb BM amT`H2Bi2`M kX `i 2BM/`BM;2M- /B2b TbbB2`i BM 6Q`K pQM [mMiB@
bB2`i2M 6HmbbHBMB2MX C2/2 /B2b2` 6HmbbHBMB2M i` ;i 2BM 2H2K2Mi`2b 6Hmbb[mMi Φ0 = h2e =
2, 0679 ∗ 10−15hKȷX
kXRX9 amT`H2Bi2` xr2Bi2` `i
a+?m#MBFQr (Rd) HB272`i2 /B2 1`FH `mM; 7Ƀ` amT`H2Bi2` xr2Bi2` `iX qB2 b+?QM BM #b+?MBii
kXRXk M;2K2`Fi- /`BM;i #2B amT`H2Bi2`M xr2Bi2` `i K;M2iBb+?2` 6Hmbb BM 6Q`K pQM 6Hmbb@
HBMB2M BM /b Ji2`BH 2BMX .B2b2 S?b2 rB`/ Hb a+?m#MBFQr@S?b2 #2x2B+?M2iX #`BFQbQp
x2B;i2 RN8d- /bb amT`H2Bi2` xr2Bi2` `i pQM /2` :BMx#m`;@GM/m@h?2Q`B2 #2b+?`B2#2M
r2`/2M FƺMM2M (R3)X ##BH/mM; kXk x2B;i /B2 J;M2iBbB2`mM;bFm`p2M 7Ƀ` UV amT`H2Bi2`
2`bi2` `i mM/ U#V amT`H2Bi2` xr2Bi2` `iX 6Ƀ` 2BM2M amT`H2Bi2` 2`bi2` `i UM;2MQKK2M
rB`/ 2BM2 mM2M/HB+? HM;2 wvHBM/2`;2QK2i`B2 T`HH2H xm` 62H/`B+?imM;V x2B;i bB+? /m`+? /2M
B/2H2M .BK;M2iBbKmb 2BM HBM2`2` MbiB2; BM /2` J;M2iBbB2`mM;bFm`p2 mM/ 2BM b+?H;@
`iB;2b wmbKK2M#`2+?2M /2` amT`H2BimM; #2B HcX 6Ƀ` amT`H2Bi2` xr2Bi2` `i bB2?i KM
m+? 2BM2M HBM2`2M MbiB2; #Bb Hc,1 Q#2`?H# /B2b2M J;M2i72H/2b /`BM;i MmM K;M2iBb+?2`
6Hmbb BM /2M amT`H2Bi2` 2BMX .B2 amT`H2BimM; BK oQHmK2M #`B+?i ?B2` # 2BM2K xr2Bi2M
F`BiBb+?2M 62H/ Hc2 xmbKK2MX AK 62H/#2`2B+? pQM Hc2 mM/ Hc3 }M/2i amT`H2BimM; MQ+?
M /2` P#2`~ +?2 biiiX .B2 K2Bbi2M amT`H2Bi2` 2`bi2` `i bBM/ `2BM2 1H2K2Mi2 mM/ ?#2M
2BM2 MB2/`B;2 aT`mM;i2KT2`im`- mbM?K2M #BH/2M ?B2` LBQ#- h2+?M2iBmK mM/ oM/BmKX
amT`H2Bi2` xr2Bi2` `i bBM/ /?2` bQ ;mi rB2 BKK2` o2`#BM/mM;2M mM/ /KBi m+? BM r2@
b2MiHB+? ?ƺ?2`2` Mx?H pQ`?M/2MX lMi2` amT`H2Bi2` xr2Bi2` `i 7HH2M xmK "2BbTB2H /B2
LBQ#p2`#BM/mM;2M L#jaM UTc = 18EV- L#j:2 UTc = 23EV mM/ L#hB UTc = 10EVX h2+?MQ@
HQ;Bb+? BMi2`2bbMi2` bBM/ /B2 >Q+?i2KT2`im`bmT`H2Bi2` mb /2` :`mTT2 /2` E2`KBF2M
rB2 xmK "2BbTB2H uii`BmK@"`BmK@EmT72`QtB/ Uu"k*jPd@δ Tc = 92EV r2H+?2 amT`H2BimM;
#2B 6HɃbbB;biB+FbiQzi2KT2`im`2M 2`Kƺ;HB+?2MX
RR
ETBi2H k amT`H2BimM; mM/ J;M2iBbKmb
UV U#V
##BH/mM; kXk, J;M2iBbB2`mM;bFm`p2M 7Ƀ` UV amT`H2Bi2` 2`bi2` `i mM/ U#V xr2Bi2` `iX
kXRX8 JBF`QbFQTBb+?2 h?2Q`B2 /2` amT`H2BimM;
.B2 :BMx#m`;@GM/m@h?2Q`B2 HB272`i2 2BM r2Bi`2B+?2M/2b o2`bi M/MBb xm` amT`H2BimM;-
HH2`/BM;b ;# 2b MQ+? mM;2FH `i2 SmMFi2X "2BbTB2Hbr2Bb2 Hbb2M bB+? /xm #2M2MM2M- /bb
/KBi F2BM q2`i /2` aT`mM;i2KT2`im` #2biBKKi r2`/2M mM/ /B2 p2`Hmbi7`2B2 ai`QKH2B@
imM; MB+?i 2`FH `i r2`/2M FMMX .B2 "*a@h?2Q`B2- #2MMMi M+? /2M /`2B miQ`2M "`@
/22M- *QQT2` mM/ a+?`B2z2`- #2b+?`2B#i /B2 KBF`QbFQTBb+?2 h?2Q`B2 /2` amT`H2BimM;X .B2
:`mM/B/22 ?BMi2` /B2b2` h?2Q`B2 Bbi- /bb 2b xrBb+?2M /2M 1H2Fi`QM2M xm 2BM2` ii`FiBp2M
q2+?b2HrB`FmM; BK 62biFƺ`T2` FQKKi mM/ /B2b2 bB+? xm 2BM2K M2m2M [mMi2MK2+?MB@
b+?2K h2BH+?2M xmbKK2M b+?HB2Ľ2M FƺMM2MX .B2b2 M2m2M h2BH+?2M r2`/2M *QQT2`T`2
;2MMMiX .B2 ?H#x?HB;2M aTBMb /2` 1H2Fi`QM2M //B2`2M bB+? xm 2BM2K ;Mxx?HB;2M aTBM
m7- rQ/m`+? /b M2m2 *QQT2`T` 2BM "QbQM BbiX "QbQM2M KɃbb2M MB+?i /2K SmHB@S`BMxBT
(RN) ;2MɃ;2M mM/ FƺMM2M #2B ?BM`2B+?2M/ ;2`BM;2` h2KT2`im` BM /2Mb2H#2M :`mM/xm@
biM/ FQM/2MbB2`2M mM/ 2BM2 ;2K2BMbK2 q2HH2M7mMFiBQM #BH/2MX .B2b 7Ƀ?`i /xm- /bb
bB+? mK /B2 62`KB2M2`;B2 2BM2 1M2`;B2HɃ+F2 /2` :`ƺĽ2 /2` /QTT2Hi2M "BM/mM;b2M2`;B2 Δ
/2` *QQT2`@S`2 #BH/2iX aQKBi bi2?i F2BM 7`2B2` wmbiM/ xm` o2`7Ƀ;mM; BM /2M /B2 *QQT2`@
S`2 ;2bi`2mi r2`/2M FƺMM2M mM/ 2b }M/2i p2`Hmbi7`2B2` ai`QKi`MbTQ`i biiiX .B2b2` Bbi
D2/Q+? Mm` bi#BH- bQHM;2 MB+?i 2BM2 :`2Mxbi`QK/B+?i2 US`#`2+?mM;bbi`QK/B+?i2 kXRRV










#2`2+?M2M- rQ#2B μ0 /B2 oFmmKT2`K2#BHBi i- ξ /B2 EQ? `2MxH M;2 mM/ λ /B2 1BM/`BM;@
iB272 BbiX 6Ƀ` u"*P 2`;B#i bB+? /KBi 2BM2 S`#`2+?mM;bbi`QK/B+?i2 UT = 0EV pQM
jpb ≈ 3, 2 · 1012fKȷX P#2`?H# /B2b2` FQKKi 2b xm` "2r2;mM; /2` 6HmbbHBMB2M mM/ /@
Rk
kXR .2` bi`QKi`;2M/2 wmbiM/
##BH/mM; kXj, oBbmHBbB2@
`mM; /2b 6HmbbHBMB2M;Bii2`b BM
"H2B #2B T = 1, 1E KBii2Hb
/2` .2FQ`iBQMbK2i?Q/2 pQM
1bbKMM mM/ h` m#H2 (kR)X
KBi xm 2BM2` #7Ƀ?`mM; pQM 1M2`;B2 rQ/m`+? /2` rB/2`biM/bHQb2 ai`QKi`MbTQ`i p2`HQ`2M
;2?i (ky)X .KBi /B2b 2`bi #2B b2?` ?Q?2M ai`QK/B+?i2M biii}M/2i- r2`/2M /B2 6HmbbHBMB2M
p2`MF2`i- rQ/m`+? KM /B2b2 amT`H2Bi2` m+? Ǵ?`i2Ǵ amT`H2Bi2` M2MMiX
kXRXe 6HmbbHBMB2M BM amT`H2Bi2`M
qB2 b+?QM xmpQ` ;2x2B;i- FƺMM2M BM amT`H2Bi2` xr2Bi2` `i 6HmbbHBMB2M 2BM/`BM;2MX .B2b2
bQHH2M MmM ;2Mm2` #2b+?`B2#2M r2`/2MX wmK 2`bi2M JH rm`/2M 6HmbbHBMB2M pQM 1bbKMM
mM/ h` m#H2 (kR) RNed KBii2Hb /2` .2FQ`iBQMbK2i?Q/2 #;2#BH/2iX AM ##BH/mM; kXj Bbi /b
6HmbbHBMB2M;Bii2` pQM "H2B #2B T = 1, 1E /`;2bi2HHiX _2BM2b "H2B Bbi 2BM amT`H2Bi2` 2`bi2`
`i- r2br2;2M 2` 7Ƀ` /B2 m7M?K2M KBi 4W AM/BmK /QiB2`i mM/ /KBi 2BM amT`H2Bi2`
xr2Bi2` `i rm`/2X AK 6QH;2M/2M bQHH Fm`x m7 /B2 ai`mFim` 2BM2` 2BMx2HM2M- BbQHB2`i2M
6HmbbHBMB2 2BM;2;M;2M r2`/2MX ##BH/mM; kX9 x2B;i 2BM2 b+?2KiBb+?2 .`bi2HHmM; 2BM2`
6HmbbHBMB2X .B2b2 #2bi2?i mb 2BM2K MQ`KHH2Bi2M/2M E2`M KBi 2BM2K .m`+?K2bb2` pQM
2ξ- /2` bmT`H2Bi2M/2M G/mM;bi` ;2`/B+?i2 ns bQrB2 /2` K;M2iBb+?2M 6Hmbb/B+?i2 " KBi
2BM2K .m`+?K2bb2` pQM 2λ mM/ /2` E`2Bbbi`QK/B+?i2 jφX .B2 bmT`H2Bi2M/2 G/mM;bi` ;2`@
/B+?i2 Bbi BK w2Mi`mK KBMBKH- /B2 K;M2iBb+?2 6Hmbb/B+?i2 Bbi ?B2` KtBKHX .B2b 7Ƀ?`i
/xm- /bb bB+? /B2 6HmbbHBMB2M mMi2`2BMM/2` #biQĽ2M mM/ ;H2B+? p2`i2BHi MQ`/M2MX .B2b2
:H2B+?p2`i2BHmM; rB`/ Hb #`BFQbQp;Bii2` (R3) #2x2B+?M2iX
"2B FH2BM2M 62H/2`M M?2 Hc,1 Bbi /B2 .B+?i2 /2` 6HmbbHBMB2M BK amT`H2Bi2` ;2`BM;X .B2b #2@
/2mi2i- /bb /2` #biM/ xrBb+?2M /2M 2BMx2HM2M 6HmbbHBMB2M ;`QĽ Bbi (kk)X "2i`+?i2i KM
hvT@k amT`H2Bi2` KBi ;`QĽ2K κ- FMM ?B2` /B2 GQM/QM@h?2Q`B2 M;2rM/i r2`/2MX 6Ƀ`
bQH+?2 amT`H2Bi2` FMM M;2MQKK2M r2`/2M- /bb /2` "2`2B+? /2b MQ`KHH2Bi2M/2M E2`Mb
b2?` FH2BM Bbi- p2`;HB+?2M KBi /2` :2bKimb/2?MmM; /2` 6HmbbHBMB2MX .2` .m`+?K2bb2` /2b
E2`Mb HB2;i ?B2` BM /2` :`ƺĽ2MQ`/MmM; pQM ξX >B2`/m`+? FMM /B2 K;M2iBb+?2 ai`mFim`
Rj
ETBi2H k amT`H2BimM; mM/ J;M2iBbKmb
##BH/mM; kX9, a+?2KiBb+?2 .`bi2HHmM; 2BM2` 6HmbbHBMB2 KBi ns /2K "2`2B+? /2` G/mM;b@
i` ;2`/B+?i2- jφ /2` wB`FmH`FQKTQM2Mi2 /2b bmT`H2Bi2M/2M ai`QKb- B /2` J;M2i72H/p2`i2BHmM;
mK 2BM2 6HmbbHBMB2- /2` GQM/QMǶb+?2M 1BM/`BM;iB272 λ mM/ /2` EQ? `2MxH M;2 ξX
mĽ2`?H# /2b E2`Mb #2b+?`B2#2M r2`/2M /m`+?,
b+ λ2∇× ∇×b =izΦ0δ(r) UkXRkV
1b rB`/ M;2MQKK2M- /bb /b J;M2i72H/ BM x@_B+?imM; M;2H2;i rB`/- iz Bbi ?B2` 2BM
1BM?2Bibp2FiQ` BM /B2b2 _B+?imM;X .2` o2FiQ` r Bbi 2BM o2FiQ` BM /2` t@v 1#2M2 mM/ /2`
E2`M /2` 6HmbbHBMB2 Bbi #2B r = 0X lMi2` /2` oQ`mbb2ixmM;- /bb 2BM2 6HmbbHBMB2 KtBKH
/2M K;M2iBb+?2M 6Hmbb Φ0 i`;2M FMM- rB`/ /B2b2` EQ2{xB2Mi m7 /2` `2+?i2M a2Bi2

















>B2`#2B Bbi λeff =
√
λaλb Hb /B2 2z2FiBp2 GQM/QMǶb+?2 1BM/`BM;iB272 /2}MB2`iX "2B 2BM2`
h2KT2`im` pQM T = 5E ?i /2` E2`M 2BM2` 6HmbbHBMB2 BM u"*P 2BM2M .m`+?K2bb2`
pQM d = 1 MK mM/ /B2 2z2FiBp2 GQM/QMǶb+?2 1BM/`BM;iB272 Bbi 2ir λeff = 130 MKX .2`
















#2`2+?M2i r2`/2MX 1b 2`;B#i bB+? ?B2` 7Ƀ` 2BM2M wmbiM/ #2B Hext ≈ Hc,1 #2B T =
0E mM/ Hc,1 = 30Kh 2BM 6HmbbHBMB2M#biM/ pQM af ≈ 240 MKX .B2b x2B;i- /bb #2B 62H@
/2`M mK Hc,1 /B2 6HmbbHBMB2M r2Bi2` mb2BMM/2` bBM/- Hb /B2 2z2FiBp2 mb/2?MmM; pQM
λX
kXRXd .b 6HmbbHBMB2M2Mb2K#H2
L+?/2K BK pQ`?2`B;2M ETBi2H /B2 2BMx2HM2M 6HmbbHBMB2M bQrB2 /B2 MQ`/MmM; BK #`BFQ@
bQp;Bii2` #2b+?`B2#2M rm`/2- bQHH MmM /`;2H2;i r2`/2M- rB2 /2` oQHmK2Mbi`QK 2Mibi2?iX
6Ƀ` /2M 6HH /2` ;H2B+?K ĽB;2M MQ`/MmM; /2` 6HmbbHBMB2M //B2`2M bB+? /B2 E`2Bbbi`ƺK2
mK D2/2 2BMx2HM2 6HmbbHBMB2 KBi /2K E`2Bbbi`QK 2BM2` #2M+?#`i2M 6HmbbHBMB2 m7 mM/
?2#2M bB+? m7X .KBi 2b MmM xm 2BM2K oQHmK2Mbi`QK FQKKi- Kmbb 2b 2BM2M :`/B2Mi2M
/2` 6HmbbHBMB2M/B+?i2 ;2#2MX .B2b2` 2Mibi2?i r2MM 6HmbbHBMB2M bB+? MB+?i BK #`BFQbQp;Bi@
i2` MQ`/M2M FƺMM2MX >BMxm FQKKi- /bb /B2 6HmbbHBMB2M #2B 2BM2K MB+?i p2`b+?rBM/2M/2M
h`MbTQ`ibi`QK j /m`+? /B2 GQ`2MixF`7i FL #2r2;i r2`/2MX .B2b2 "2r2;mM; /2` 6HmbbHB@
MB2M 7Ƀ?`i /m`+? /b AM/mFiBQMb;2b2ix /xm- /b 2BM 2H2Fi`Bb+?2b 62H/ U− ˙B = rot EV 2`x2m;i
rB`/X .B2b2b 7Ƀ?`i xm` .BbbBTiBQM /2` mM;2T`i2M 1H2Fi`QM2M mM/ /KBi xm 2BM2` HQF@
H2M 1`r `KmM;X 6QH;HB+? KɃbb2M /B2 6HmbbHBMB2M /`M ;2?BM/2`i r2`/2M bB+? xm #2r2;2MX
.B2b2b "2?BM/2`M /2` 6HmbbHBMB2M bB+? xm #2r2;2M rB`/ o2`MF2`mM; USBMMBM;V ;2MMMiX
6HmbbHBMB2M FƺMM2M M p2`b+?B2/2Mbi2M >7ix2Mi`2M p2`MF2`i r2`/2MX lMi2` /B2b2 >7i@
x2Mi`2M 7HH2M 62?Hbi2HH2M- lMi2`b+?B2/2 BM /2` a+?B+?i/B+F2- mbb+?2B/mM;2M- o2`b2ixmM@
;2M mM/ EQ`M;`2Mx2MX .B2 o`BiBQM /2` GBMB2M2M2`;B2 Ƀ#2` 2BM2M amT`H2Bi2` FMM Hb
SQi2MiBHHM/b+?7i U(x) KQ/2HHB2`i r2`/2MX AM ##BH/mM; kX8 Bbi 2BM SQi2MiBHKBMBKmK
/`;2bi2HHi KBi /2` hB272 U0 mM/ /2` ` mKHB+?2M mb/2?MmM; r0X .KBi 2BM2 6HmbbHBMB2
#2r2;i r2`/2M FMM- Kmbb /B2 1M2`;B2 /2` hB272 /2b SQi2MiBHb m7;2#`+?i r2`/2M Q/2`
/B2 >7iF`7i Fpin Ƀ#2`rmM/2M r2`/2MX AK bi`QKHQb2M 6HH ?i /b o2`MF2`mM;bTQi2MiBH
2BM2 hB272 pQM U0X ai`QK~mbb 7Ƀ?`i xm 2BM2` o2`FBTTmM; /2b o2`MF2`mM;bTQi2MiBHb rB2
`2+?ib BM ##BH/mM; kX8 xm b2?2MX .2` ai`QK~mbb 7Ƀ?`i xm 2BM2` GQ`2MixF`7i- r2H+?2 m7 /B2
6HmbbHBMB2 rB`FiX .B2b 7Ƀ?`i /xm- /bb 2BM ;2`BM;2`2b SQi2MiBH Ƀ#2`rmM/2M r2`/2M Kmbb
7Ƀ` 2BM2 "2r2;mM; /2` 6HmbbHBMB2X .B2 /m`+? /2M ai`QK~mbb BM/mxB2`i2 GQ`2MixF`7i 7Ƀ?`i xm
2BM2` o2`FBTTmM; /2b o2`MF2`mM;bTQi2MiBHbX >B2`/m`+? rB`/ /B2 "2r2;mM; /2` 6HmbbHBMB@
2M BM 2BM2M #2M+?#`i2M o2`MF2`mM;bTHix p2`2BM7+?iX . ;H2B+?x2BiB; /2` 62H/;`/B2Mi
bBMFi- bBMFi m+? /B2 ai`QK/B+?i2X L+? mM/ M+? #mi bB+? /2` :`/B2Mi pQHHbi M/B; #
R8
ETBi2H k amT`H2BimM; mM/ J;M2iBbKmb
##BH/mM; kX8, GBMFb, SQi2MiBHKBMBKmK U.m`+?K2bb2` r0 mM/ hB272 U0V KBi 6HmbbHBMB2M#@
biM/ u pQK JBMBKmK mM/ EQ? `2MxH M;2   /2` 6HmbbHBMB2X .b JtBKmK /2` o2`MF2`mM;bF`7i
Fpin Bbi /B2 KtBKH2 ai2B;mM; /2b SQi2MiBHbX _2+?ib, 6HmbbHBMB2 BK /m`+? /B2 GQ`2MixF`7i p2`@
FBTTi2K SQi2MiBHX
mM/ bQKBi m+? /2` KtBKH2 ai`QKX
kXRX3 o2`MF2`mM;bK2+?MBbK2M
kXRX3XR E2`Mr2+?b2HrB`FmM;
o2`MF2`mM; 2`7QH;i #2B E2`Mr2+?b2HrB`FmM;2M m7 G M;2MbFH2M /2` EQ? `2MxH M;2 ξX
lK /B2 KtBKH2 SBMMBM;F`7i xm 2`?Hi2M- Kmbb 2BM2 6HmbbHBMB2 ?B2`#2B Ƀ#2` B?`2 FQK@
TH2ii2 G M;2 BM /2` a+?B+?i M 2BM2K .272Fi BM /B2b2` :`ƺĽ2MQ`/MmM; p2`MF2`i r2`/2MX
.B2b2 .272Fi2 KɃbb2M T`HH2H xmK 2ti2`M2M J;M2i72H/ mb;2`B+?i2i b2BM mK Hb o2`@
MF2`mM;bTHix /B2M2M xm FƺMM2MX .B2 E`7i- /B2 m7 2BM2 6HmbbHBMB2 rB`Fi- Bbi /m`+? /B2
GQ`2MixF`7i ;2;2#2M mM/ KtBKH- r2MM /2` S`#`2+?mM;bbi`QK ~B2Ľ2M rɃ`/2X .B2b2
E`7i Bbi ;2;2#2M /m`+?,






Abi 2BM2 6HmbbHBMB2 M 2BM2K B/2H2M .272Fi 7Ƀ` /B2b2 E2`Mr2+?b2HrB`FmM; ;2TBMMi- 2`;B#i






.B2b 2`;B#i 2BM2M SQi2MxBHiQT7 Ƀ#2` /B2 G M;2MbFH pQM ξX .KBi 2`;B#i bB+? 2BM2 SBM@
MBM;F`7i T`Q 6HmbbHBMB2 pQM,







kXR .2` bi`QKi`;2M/2 wmbiM/


























= 0, 32 UkXkRV
.B2b x2B;i- /bb Mm` /m`+? E2`MTBMMBM; /B2 KtBKH2 ai`QK/B+?i2 m7 +X 30W /2` S`#`2@
+?mM;bbi`QK/B+?i2 #2;`2Mxi BbiX .B2 M;2MQKK2M2 B/2H2 JBF`Qbi`mFim` Bbi ?B2`#2B D2/Q+?
MB+?i 7Ƀ` Mr2M/mM;b#2xQ;2M2 amT`H2Bi2` 2``2B+?#`X JBi mbb+?HB2ĽHB+? E2`MTBMMBM; bBM/
KtBKH ai`QK/B+?i2M pQM +X 9Jf+Kk 7Ƀ` >Q+?i2KT2`im`bmT`H2Bi2` 2tT2`BK2Mi2HH
M+?;2rB2b2M rQ`/2M (k9)X
kXRX3Xk J;M2iBb+?2 q2+?b2HrB`FmM;
.2` E2`M 2BM2` 6HmbbHBMB2 Bbi pQM 2BM2K J;M2i72H/ mK;2#2M- r2H+?2b 2tTQM2MiB2HH KBi
/2` GQM/QMǶb+?2M 1BM/`BM;iB272 λ #7 HHiX 6Ƀ` /B2 K;M2iBb+?2 AMi2`FiBQM pQM 6HmbbHBMB2M
;2b+?B2?i /B2b 7Ƀ` BM?QKQ;2M2 _2;BQM2M r2H+?2 mb`2B+?2M/ ;`ƺĽ2` Hb λ bBM/X mbb+?2B/mM@
;2M BK bmT`H2Bi2M/2M Ji2`BH FƺMM2M Hb MQ`KHH2Bi2M/2 S?b2 #2i`+?i2i r2`/2MX .B2
bmT`H2Bi2M/2 S?b2 FMM Hb /BK;M2iBb+?2` Hb /B2 MQ`KHH2Bi2M/2 S?b2 M;2MQKK2M
r2`/2M- rb /xm 7Ƀ?`i- /bb 2BM J;M2iBbB2`mM;bbi`QK ~B2Ľi- r2H+?2` /xm 7Ƀ?`i- /bb m7
2BM2 6HmbbHBMB2 2BM2 #biQĽ2M/2 GQ`2MixF`7i rB`Fi (kk)X M/2`2`b2Bib- 2`;B#i bB+? /m`+? /B2
K;M2iBb+?2 mb/2?MmM; /2` 6HmbbHBMB2 BM /2` bmT`H2Bi2M/2M S?b2 2BM2 BK;BM `2 6Hmbb@
HBMB2 KBi BMp2`b2K oQ`x2B+?2M BM /2` MQ`KHH2Bi2M/2M S?b2X wrBb+?2M /B2b2M 6HmbbHBMB2M












#2b+?`B2#2M r2`/2M FMMX .`mb 7QH;i- /bb /B2 MQ`KHH2Bi2M/2 S?b2 m+? Hb MxB2?2M/2b
SBMMBM;x2Mi`mK rB`FiX
kXRX3Xj 1HbiBb+?2 q2+?b2HrB`FmM;
AM /B2b2K ETBi2H rB`/ /B2 q2+?b2HrB`FmM; /2` 6HmbbHBMB2M KBi 2BM/BK2MbBQMH2M .272F@
i2M #2bT`Q+?2MX o2`b2ixmM;2M #B2i2M 7Ƀ` 1H2Fi`QM2Mbi`2mmM; Mm` 2BM2M FH2BM2M qB`FmM;b@
Rd
ETBi2H k amT`H2BimM; mM/ J;M2iBbKmb
[m2`b+?MBiiX mb /B2b2K :`mM/ 2`r`i2i KM Mm` 2BM2 ;2`BM;2 SBMMBM;F`7i /m`+? /B2b2X
C2/Q+? FQKKi 2b /m`+? /B2 o2`b2ixmM; xm 2BM2K aTMMmM;b72H/ BK Ji2`BH mM/ ;2`/2
/B2b2 q2+?b2HrB`FmM; xrBb+?2M /2K aTMMmM;b72H/ mM/ /2M 6HmbbHBMB2M 7Ƀ?`i xmK o2`@
MF2`mM;bT`Qx2bb (kk)X .2` MQ`KHH2Bi2M/2 E2`M 2BM2` 6HmbbHBMB2 Bbi BK o2`;H2B+? xm /2K
bmT`H2Bi2M/2M mĽ2M`mK b2?` FH2BMX 1b FQKKi mK /2M MQ`KHH2Bi2M/2M E2`M xm 2BM2` 1B@
;2MbTMMmM;X .B2 q2+?b2HrB`FmM; xrBb+?2M /B2b2` 1B;2MbTMMmM; mM/ /2K aTMMmM;b72H/
rB`/ ΔV 1z2Fi ;2MMMiX AK :2;2Mbix /xm Bbi /B2 2HbiBb+?2 1M2`;B2 /2b MQ`KHH2Bi2M@
/2M E2`Mb ;`ƺĽ2`- Hb /B2 /2` mKHB2;2M/2M bmT`H2Bi2M/2M _2;BQMX .B2 2HbiBb+?2 1M2`;B2
Bbi ;`ƺĽ2` r2MM /B2 6HmbbHBMB2 BM /2` L ?2 /2b .272Fib BbiX .B2 o2`MF2`mM;br2+?b2HrB`@
FmM; }M/2i /m`+? /B2 o`BiBQM /B2b2` 1M2`;B2 biiiX 6Ƀ` 2BM2 aim72Mp2`b2ixmM; T`HH2H
xm` 6HmbbHBMB2 FMM /B2 o2`MF2`mM;bF`7i /m`+?
f ′ ∝ Γξ2 b0
r20
UkXkjV
#2b+?`B2#2M r2`/2MX >B2`#2B Bbi b0 /2` "m`;2`bp2FiQ`- r0 /2` #biM/ xrBb+?2M 6HmbbHBMB2
mM/ o2`b2ixmM; mM/ Γ /2` aTMMmM;bi2MbQ`X 1b x2B;i bB+?- /bb /B2 o2`MF2`mM;bF`7i KBi
bBMF2M/2K #biM/ xm` o2`b2ixmM; bi2B;iX .B2b2 "2`2+?MmM; FMM 7Ƀ` 2H2K2Mi`2 amT`@
H2Bi2` M;2rM/i r2`/2MX .B2 2HbiBb+?2 q2+?b2HrB`FmM; 2Mibi2?i /m`+? o2` M/2`mM;2M
/2` amT`H2Bi2` S`K2i2`X .B2b2 o`BiBQM2M bBM/ D2/Q+? FH2BM ;2Mm;- mK Hb aiƺ`mM;2M
#2?M/2Hi xm r2`/2MX .B2b #2/2mi2i- /bb /B2 "2`2+?MmM;2M KBii2Hb /2` :BMx#m`;@GM/m
h?2Q`B2 /m`+?;27Ƀ?`i r2`/2M FƺMM2M (k8)X
kXRXN .b "2M@JQ/2HH
6Ƀ` /b o2`?Hi2M /2b oQHmK2Mbi`QKb BK amT`H2Bi2` p2`7bbi2 "2M RNek (ke) 2BM2 T? MQ@
K2MQHQ;Bb+?2 "2b+?`2B#mM;- /B2 BK 6QH;2M/2M /`;2bi2HHi r2`/2M bQHHX 6Ƀ` /B2 "2b+?`2B#mM;
7Ƀ?`i "2M 2BM- /bb,
RX .B2 ai`QK/B+?i2 BK amT`H2Bi2` 2BM2 P#2`;`2Mx2 jc ?i
kX .B2 F`BiBb+?2 ai`QK/B+?i2 jc 2BM2 6mMFiBQM /2b K;M2iBb+?2M 62H/2b BbiX aB2 Bbi MmHH-
r2MM /b Q#2`2 F`BiBb+?2 62H/ 2``2B+?i BbiX 6Ƀ` /B2 7QH;2M/2M "2i`+?imM;2M b2B /B2b2
D2/Q+? mM#? M;B; pQK J;M2i72H/
jX qB`/ 2BM amT`H2Bi2` 2BM2K 2ti2`M2M J;M2i72H/ mb;2b2ixi- ~B2Ľi 2BM2 ai`QK/B+?i2
jc Mm` BM /2K "2`2B+? /2` pQM /B2b2K 62H/ /m`+?/`mM;2M Bbi- /2` BMM2`2 h2BH #H2B#i
72H/7`2B
R3
kXR .2` bi`QKi`;2M/2 wmbiM/
>B2`mb 2`;B#i bB+?- /bb #2B 2BM2K 2ti2`M2M J;M2i72H/- r2H+?2b ;`ƺĽ2` Hb Hc,1 Bbi- MB+?i
bQ7Q`i Ƀ#2`HH 6HmbbHBMB2M p2`i2BHi bBM/- bQM/2`M /B2b2 pQM mĽ2M BM /2M amT`H2Bi2` #Bb xm
2BM2` #2biBKKi2M 1BM/`BM;iB272 2BM/`BM;2MX .2` 72H/7`2B2 h2BH bi2HHi bB+? ;2`/2 bQ 2BM- /bb
/2` #2MƺiB;i2 72H//m`+?/`mM;2M2 h2BH KBMBKH Bbi mK /2M ai`QK xm i`;2MX .KBi /B2b2`
wmbiM/ bi#BH Bbi- KɃbb2M 6HmbbHBMB2M p2`MF2`i r2`/2MX qB2 b+?QM BM #b+?MBii kXRXd
#2b+?`B2#2M- rB`F2M m7 /B2 6HmbbHBMB2M 2BM2 GQ`2MixF`7iX .B2 KtBKH2 ai`QK/B+?i2 Bbi
/KBi ;2;2#2M /m`+? /B2 q2+?b2HrB`FmM; xrBb+?2M o2`MF2`mM;bF`7i mM/ GQ`2MixF`7iX
1BM2 #2BbTB2H?7i2 Mr2M/mM; /2b "2M@JQ/2HHb Bbi BM ##BH/mM; kXe 7Ƀ` 2BM2M bmT`H2B@
i2M/2M ai# pQM mM2M/HB+?2` G M;2- "`2Bi2 r mM/ .B+F2 . /`;2bi2HHiX .b 2ti2`M2 62H/
Bbi BM oB2H7+?2M pQM H∗ = Jc · q M;2;2#2M- rQ#2B Jc = jc · D /2` a+?B+?ibi`QK Bbi mM/
q 2BM :2QK2i`B27FiQ`X 6Ƀ` /2M 6HH Hext ≥ H∗ ~B2Ľi BK ;2bKi2M oQHmK2M /2` S`Q#2
/2` F`BiBb+?2 ai`QK JcX AK HBMF2M Q#2`2M "BH/ pQM ##BH/mM; kXe bBM/ /B2 62H/T`Q}H2 BK
bi2B;2M/2M 62H/ #;2#BH/2iX qB`/ /b 2ti2`M2 J;M2i72H/ mb;2b+?Hi2i- 2`;2#2M bB+? /B2
S`Q}H2 BK Q#2`2M `2+?i2M "BH/X q2MM /b 2ti2`M2 62H/ ;`ƺĽ2` Hb 2H∗ Bbi- Bbi /B2 ;2bKi2
S`Q#2 MQ+? pQM ai`QK /m`+?~Qbb2MX .B2b2` wmbiM/- #2B r2H+?2 BK ;2bKi2M oQHmK2M
BK LmHH72H/ ai`QK BM /2` S`Q#2 ~B2Ľi- rB`/ Hb `2KM2Mi2` wmbiM/ #2x2B+?M2iX wm /2M
62H/T`Q}H2M BM ##BH/mM; kXe bBM/ mMi2`?H# /B2 xm;2?ƺ`B;2M ai`QK/B+?i2M /`;2bi2HHiX
##BH/mM; kXd x2B;i 2BM2 b+?2KiBb+?2 >vbi2`2b2Fm`p2 7Ƀ` Ǵ?`i2Ǵ amT`H2Bi2` M+? /2K
"2M@JQ/2HHX .B2 Em`p2 bi`i2i BK l`bT`mM; M+? LmHH72H/FɃ?HmM;X JBi bi2B;2M/2K 2t@
i2`M2M 62H/ bi2B;i /2` "2i`; /2b K;M2iBb+?2M JQK2Mib #Bb xm H∗ MX M /B2b2K SmMFi
Bbi /b 62H/ FQKTH2ii 2BM;2/`mM;2MX qB`/ /b 62H/ r2Bi2` 2`?ƺ?i- #H2B#i /b K;M2iBb+?2
JQK2Mi FQMbiMiX qB`/ /b J;M2i72H/ rB2/2` `2/mxB2`i- 7M;2M K _M/ /2` S`Q#2
ai`ƺK2 BM mK;2F2?`i2` _B+?imM; M xm ~B2Ľ2M mM/ /b K;M2iBb+?2 JQK2Mi MBKKi #
#Bb BM /2` FQKTH2ii2 S`Q#2 /B2 ai`ƺK2 BM /B2 M2m2 _B+?imM; ~B2Ľ2MX .B2b2` ai`QK BM /B2
M2m2 _B+?imM; Bbi bQ HM;2 FQMbiMi- #Bb /B2 J;M2i72H/`B+?imM; rB2/2` ;2/`2?i rB`/X .2`
l`bT`mM; FMM MB+?i rB2/2` 2``2B+?i r2`/2M Q?M2 /2M amT`H2Bi2` m7xmr `K2MX
kXRXRy .ɃMM2 bmT`H2Bi2M/2 6BHK2
.2` 7QH;2M/2 #b+?MBii bQHH /2M aT2xBH7HH /ɃMM2`- bmT`H2Bi2M/2` a+?B+?i2M /2iBHHB2`i2`
#2b+?`2B#2MX Hb /ɃMM2 a+?B+?i2M r2`/2M ?B2` amT`H2Bi2` p2`biM/2M- /2`2M a+?B+?i/B+F2
;2`BM;2` Hb /B2 GQM/QMǶb+?2 1BM/`BM;iB272 λ BbiX >B2` Bbi 2b MQir2M/B; 2BM2 o2`2BM7+?mM;
7Ƀ` /B2 "2b+?`2B#mM; /2b a+?B+?ibi`QK2b 2BMxm7Ƀ?`2M- /m`+? r2H+?2 M;2MQKK2M r2`/2M
bQHH- /bb /B2 ai`QK/B+?i2 bB+? Mm` mb /2K BM /2` 1#2M2 ~B2Ľ2M/2M ai`QK xmbKK2Mb2ixi
mM/ ai`QK~mbb T`HH2H xm` a+?B+?iMQ`KH2M p2`M+?H bbB;i rB`/X :2`/2 #2B /2M p2`r2M@
/2i2M +@+?b2M Q`B2MiB2`i2M u"*P@a+?B+?i2M Bbi /B2b 2BM2 p2`i`2i#`2 L ?2`mM;X .2MM
RN
ETBi2H k amT`H2BimM; mM/ J;M2iBbKmb
##BH/mM; kXe, "2M@JQ/2HH, P#2`2 S`Q}H2 x2B;2M /b K;M2iBb+?2 62H/- /`mMi2` bBM/ /B2
F`BiBb+?2M ai`QK/B+?i2M BM 2BM2K bmT`H2Bi2M/2M ai# #2B p2`b+?B2/2M2M 2ti2`M2M 62H/2`M m7;2@
i`;2MX m7 /2` HBMF2M a2Bi2 bBM/ /B2 S`Q}H2 BK bi2B;2M/2M  mĽ2`2M 62H/- m7 /2` `2+?i2M a2Bi2
bBM/ /B2 2MibT`2+?2M/2M S`Q}H2 #2B bBMF2M/2K 62H/X
ky
kXR .2` bi`QKi`;2M/2 wmbiM/
##BH/mM; kXd, "2BbTB2H?7i2 K;M2iBb+?2 >vbi2`2b2Fm`p2 7Ƀ` ?`i2 amT`H2Bi2` 2MibT`2+?2M/
/2b "2M@JQ/2HHb 2MiMQKK2M mb (R)X
##BH/mM; kX3, :2QK2i`B2 7Ƀ` 2BM2 /ɃMM2 ai2; KBi p2`r2M/2i2K EQQ`/BMi2Mbvbi2KX
;2`/2 #2B /B2b2M a+?B+?i2M }M/2i /2` bmT`H2Bi2M/2 ai`QK~mbb M?2xm Mm` BM /2M *mP@
1#2M2 biiiX AM _B+?imM; /2` a+?B+?iMQ`KH2M Bbi /2` ai`QK~mbb ?B2` mK xr2B #Bb /`2B
:`ƺĽ2MQ`/MmM;2M `2/mxB2`iX h`Qix /B2b2` 1BMb+?` MFmM; Bbi 2b Mm` Kƺ;HB+? /B2b2 :2QK2@
i`B2 mMi2` /2` MM?K2 xm #2b+?`2B#2M- /bb 2b bB+? mK 2BM2M 2BM/BK2MbBQMH2M mM2M/HB+?
HM;2M ai2; ?M/2Hi (kd)X
.B2 6Hmbb@ mM/ ai`QK/B+?i2p2`i2BHmM; 7Ƀ` 2BM7+?2 :2QK2i`B2M FMM KBi >BH72 /2b BM #@
b+?MBii kXRXN pQ`;2bi2HHi2M "2M@JQ/2HHb #2b+?`B2#2M r2`/2MX 1b rB`/ 2BM2 ` mKHB+? mM/
x2BiHB+? FQMbiMi2 F`BiBb+?2 ai`QK/B+?i2 jc M;2MQKK2M mM/ /b mMi2`2 F`BiBb+?2 62H/ Hc1
rB`/ MmHH ;2b2ixiX ##BH/mM; kX3 x2B;i /B2 :2QK2i`B2 mM/ /B2 xm;2?ƺ`B;2M EQQ`/BMi2MX
.B2 MHviBb+?2 "2xB2?mM;2M 7Ƀ` /B2 6Hmbb/B+?i2 mM/ ai`QK/B+?i2p2`i2BHmM; 7Ƀ` 2BM2M mM@
2M/HB+? HM;2M /ɃMM2M ai2; bBM/ BK 6QH;2M/2M m7;27Ƀ?`iX 6Ƀ` /B2 x@EQKTQM2Mi2M 2`;B#i
kR




















b < |y| < a



















1− bȷ/aȷVX .B2 LmHHTQbBiBQM /2b EQQ`/BMi2Mbvbi2Kb rB`/ BM /B2 JBii2 /2b
ai2;b ;2H2;iX .B2 .BK2MbBQM /2b ai2;b bBM/ pQM −a #Bb a BM /2` v@_B+?imM; mM/ mM2M/HB+?
BM t@_B+?imM;X .B2b2 :H2B+?mM;2M ;2?2M /pQM mb- /bb /B2 S`Q#2M/B+F2 d p2`b+?rBM/2M/
;2`BM; Bbi mM/ ;2Hi2M /KBi Mm` M /2` S`Q#2MQ#2`~ +?2X .#2B Bbi /B2 6Hmbb/B+?i2 pQM |a|
#Bb xm 2BM2` :`ƺĽ2 |b| 2BM;2/`mM;2MX .KBi /B2 6Hmbb/B+?i2 #2xB2?mM;br2Bb2 ai`QK/B+?i2
KBi /2K 1tT2`BK2Mi p2`;HB+?2M r2`/2M FMM- rB`/ /b "BQi@ap`i@:2b2ix p2`r2M/2i-
r2H+?2 /B2 6Hmbb/B+?i2 BM 2BM2` >ƺ?2 h Ƀ#2` /2` S`Q#2 #2b+?`2B#iX









(y − y′)2 + (h− z′)2 dy
′ dz′ . UkXkeV
AM ##BH/mM; kXN Bbi /B2 6Hmbb/B+?i2@ mM/ ai`QK/B+?i2p2`i2BHmM; 7Ƀ` 2BM2M 200μK #`2Bi2M
mM/ mM2M/HB+? HM;2M ai2; /`;2bi2HHiX JBi /2` .B+F2 d = 250 MK 2`;B#i bB+? 2BM2 F`BiBb+?2
ai`QK/B+?i2 pQM 2, 9 · 1011 fKȷX AM 250 MK #biM/ xm` P#2`~ +?2 2`? Hi KM /B2 BM
##BH/mM; kXN /`;2bi2HHi2 6Hmbb/B+?i2p2`i2BHmM; 7Ƀ` p2`b+?B2/2M2  mĽ2`2 J;M2i72H/2`X
kk
kXk J;M2iBb+?2 P`/MmM; BM 62``QK;M2i2M
##BH/mM; kXN, P#2M, 6Hmbbp2`@
i2BHmM;- lMi2M, ai`QK/B+?i2p2`@
i2BHmM; BM 2BM2K /ɃMM2M ai2;X "2@
`2+?M2i M+? :H2B+?mM;2M UkXkeV
mM/ UkXk8VX .B2 "`2Bi2 /2b ai2;b
#2i` ;i b = 200μK mM/ 2BM2`
.B+F2 d = 250MK /`mb 7QH;i
2BM2 F`BiBb+?2 ai`QK/B+?i2 jc =
2, 9 · 1011 fKȷX .b S`Q}H 7Ƀ`
/B2 6Hmbb/B+?i2p2`i2BHmM; rm`/2
250MK Q#2`?H# /2` P#2`~ +?2
#2`2+?M2iX :`}F 2MiMQKK2M mb
(k3)X
kXk J;M2iBb+?2 P`/MmM; BM 62``QK;M2i2M
6Ƀ` /B2 oBbmHBbB2`mM; /2b K;M2iBb+?2M 6Hmbb2b BM amT`H2Bi2`M KBii2Hb _ƺMi;2MKBF`QbFQ@
TB2 rB`/ 2BM2 72``QK;M2iBb+?2 a2MbQ`b+?B+?i p2`r2M/2iX >B2`7Ƀ` rm`/2M r2B+?K;M2iBb+?2
a+?B+?i2M mb Co40Fe40B20 mM/ S2`KHHQv UFe20Ni80V p2`r2M/2iX AK 6QH;2M/2M ETBi2H
bQHH2M Fm`x /B2 7Ƀ` /B2 ##BH/mM; rB+?iB;2M h2BHFTBi2H /2b 62``QK;M2iBbKmb /`bi2HH2MX
kXkXR 1M2`;B2 2BM2b 62``QK;M2i2M
.B2 "2b+?`2B#mM; /2b J;M2iBbB2`mM;bxmbiM/2b FMM Hb /B`2Fi2b _2bmHii /2` JBMBKB2@
`mM; /2` ;2bKi2M 7`2B2M 1M2`;B2 2`7QH;2MX .B2 :2bKi2M2`;B2 /2b avbi2Kb #2bi2?i mb
7QH;2M/2M 1M2`;B2#2Bi` ;2M,
ETotal = EA + EK + ES + EZ UkXkdV
EA #2b+?`2B#i /B2 mbimb+?2M2`;B2- EK /B2 E`BbiHH2M2`;B2- ES /B2 ai`2m72H/2M2`;B2 mM/
EZ /B2 w22KMM@1M2`;B2X
AK :`mM/xmbiM/ bBM/ HH2 aTBMb BK 62``QK;M2i2M T`HH2H mb;2`B+?i2iX .B2 #r2B+?mM;
pQM /B2b2` mb`B+?imM; Bbi /m`+? /B2 mbimb+?2M2`;B2 #2b+?`B2#2MX .B2b2 rB`/ Hb TQbBiB@
p2` 1M2`;B2#2Bi`; #2`Ƀ+FbB+?iB;i mM/ 2Mi? Hi /B2 KF`QbFQTBb+?2 mbimb+?FQMbiMi2 X
.B2 mbimb+?2M2`;B2 rB`/ mb /2K FQMiBMmB2`HB+?2M J;M2iBbB2`mM;bp2`Hm7 /2` J;M2iB@
kj













qQ#2B  /B2 :Bii2`FQMbiMi2 Bbi mM/ x 7Ƀ` /B2 Mx?H /2` :Bii2`TH ix2 T`Q 1BM?2Bibx2HH2
bi2?iX 6Ƀ` Fm#Bb+? Bbi x 4 R- `mKx2Mi`B2`i x 4 k mM/ ~ +?2Mx2Mi`B2`i x 49X .B2 E`Bb@
iHH;2QK2i`B2 7Ƀ?`i xm 2BM2` F`BbiHHQ;`T?Bb+?2M H2B+?i2M _B+?imM; /2` aTBMbX lK /B2b2
mb /B2b2` _B+?imM; ?2`mbxm/`2?2M- Kmbb /B2 K;M2iQF`BbiHHBM2 MBbQi`QTB22M2`;B2 m7@
;2#`+?i r2`/2MX .B2b2 1M2`;B2 ? M;i pQK qBMF2H Θ xrBb+?2M /2` J;M2iBbB2`mM; mM/




(K1 bBM2Θ+K2 bBM4Θ+ ...) dV UkXkNV
K1 mM/ K2 bBM/ /B2 E`BbiHHQ;`T?B2FQMbiMi2MX .m`+? /B2 J;M2iBbB2`mM; /2b 62``QK@
;M2i2M rB`/ 2BM K;M2iBb+?2b ai`2m72H/ F`2B2`i- r2H+?2b rB2/2`mK KBi /2` J;M2iBbB2`mM;





HS · M dV UkXjyV
.B2b2 1M2`;B2 #2;ɃMbiB;i2 2BM2 mb`B+?imM; /2` J;M2iBbB2`mM; 2MiHM; /2b ai`2m72H/2bX
.B2 ai`2m72H/2M2`;B2 FMM /m`+? /B2 "BH/mM; pQM .QK M2M KBMBKB2`i r2`/2MX C2/Q+? Kmbb
7Ƀ` /B2 "BH/mM; pQM .QK M2M /B2 .QK M2MrM/2M2`;B2- r2H+?2 bB+? mb /2` mbimb+?2M@
2`;B2 mM/ /2` E`BbiHH2M2`;B2 xmbKK2Mb2ixi- m7;2#`+?i r2`/2MX .B2 q2+?b2HrB`FmM; /2`





Hext · M dV UkXjRV
.m`+? /B2b2 1M2`;B2 rB`/ /B2 mb`B+?imM; /2` aTBMb BM _B+?imM; /2b 2ti2`M2M 62H/2b #2@
;ɃMbiB;iX
kXkXk 62``QK;M2iBb+?2 >vbi2`2b2M
.B2 iQK`2M K;M2iBb+?2M JQK2Mi2 bBM/ /m`+? [mMi2MK2+?MBb+?2 mbimb+?F` 7i2
T`HH2H mb;2`B+?i2iX m7 2BM  mĽ2`2b J;M2i72H/ `2;B2`i /B2 J;M2iBbB2`mM; BM 6Q`K 2B@
M2` >vbi2`2b2X AM ##BH/mM; kXRy Bbi 2BM2 #2BbTB2H?7i2 >vbi2`2b2 /`;2bi2HHi- M /2` /B2
k9
kXk J;M2iBb+?2 P`/MmM; BM 62``QK;M2i2M
##BH/mM; kXRy, aFBxx2 2BM2`
72``QK;M2iBb+?2M >vbi2`2b2X .B2
/m`+?; M;B;2 GBMB2 x2B;i /2M ivTB@
b+?2M o2`Hm7 2BM2` >vbi2`2b2 7Ƀ`
2BM2M >`i2M mM/ r2B+?2M UmMi2`@
#`Q+?2M2 GBMB2V 62``QK;M2i2M
rB+?iB;bi2M E2MM;`ƺĽ2M 2`H mi2`i r2`/2M bQHH2MX .B2 >vbi2`2b2 bi`i2i KBi /2` L2mFm`p2
mb /2K l`bT`mM;X .B2b2` 2MiK;M2iBbB2`i2 wmbiM/ Bbi /m`+? 1MiK;M2iBbB2`2M /m`+? 2BM
q2+?b2H72H/ KBi bBMF2M/2` KTHBim/2 2``2B+?#`X .B2 J;M2iBbB2`mM; 2``2B+?i #2B 2BM2K
a iiB;mM;b72H/ HS b2BM2 a iiB;mM;bK;M2iBbB2`mM; MSX qB`/ /b  mĽ2`2 62H/ rB2/2` m7
MmHH `2/mxB2`i- #H2B#i 2BM2 _2biK;M2iBbB2`mM; Ƀ#`B;- /B2 _2KM2Mx MRX 1BM2 M2;iBp2
62H/2`?ƺ?mM; BM >ƺ?2 /2b EQ2`xBiBp72H/2b HC Bbi MƺiB; mK /B2 J;M2iBbB2`mM; m7 MmHH
xm #`BM;2MX 1BM r2Bi2`2` MbiB2; /2b 62H/2b 7Ƀ?`i xm` M2;iBp2M a iiB;mM;X .B2 BM /B2b2`
`#2Bi p2`r2M/2i2M 72``QK;M2iBb+?2M a+?B+?i2M 7HH2M BM /B2 Ei2;Q`B2 /2` r2B+?2M J@
;M2i2- r2H+?2 bB+? /m`+? FH2BM2 EQ2`xBiBp72H/2` mM/ 2BM2 ?Q?2 S2`K2#BHBi i μ = μ0(H+M)
H
mbx2B+?M2M (kN)X
kXkXj .QK M2M mM/ .QK M2MrM//B+F2M
.B2 2BM?2BiHB+?2 J;M2iBbB2`mM; BM 2BM2` S`Q#2 Bbi Mm` BMM2`?H# 2BM2` 2BMx2HM2M K;M2@
iBb+?2M .QK M2 ;2;2#2MX Hb .QK M2 rB`/ 2BM "2`2B+? ?QKQ;2M2` J;M2iBbB2`mM; #2@
x2B+?M2iX qB2 b+?QM BM #b+?MBii kXk 2`r ?Mi- #BH/2M bB+? .QK M2M xm` JBMBKB2`mM; /2`
ai`2m72H/2M2`;B2X .B2 2M2`;2iBb+? ;ɃMbiB;bi2 EQM};m`iBQM 7Ƀ` 2BM2 .QK M2 Bbi 2BM _BM;X AM
`2+?irBMFHB;2M S`Q#2M;2QK2i`B2M #BH/2M bB+? D2/Q+? pB2` .QK M2M BK 90ê qBMF2H mbX .B2
.QK M2MrM/ xrBb+?2M /2M 2BMx2HM2M .QK M2M Bbi /2` "2`2B+? BM /2K bB+? /B2 _B+?imM;
/2` J;M2iBbB2`mM;  M/2`iX .B2 G M;2 m7 /2` /B2 M/2`mM; /2` J;M2iBbB2`mM;b`B+?imM;
biii}M/2i- rB`/ Hb .B+F2 /2` .QK M2MrM/ #2x2B+?M2iX
1b bBM/ xr2B hvT2M pQM .QK M2Mr M/2M xm mMi2`b+?2B/2M- /B2 Lû2H@qM/ mM/ /B2 "HQ+?@
rM/- /B2b2 bBM/ BM ##BH/mM; kXRR /`;2bi2HHiX "2B #2B/2M hvT2M  M/2`i bB+? /B2 P`B2M@
iB2`mM; /2` J;M2iBbB2`mM; mK 180êX "2B /2` Lû2H@qM/ Bbi /B2 _QiiBQM Q`i?Q;QMH xm`
qM/2#2M2- rQ?BM;2;2M #2B /2` "HQ+?@qM/ /B2 _QiiBQM BMM2`?H# /2` qM/2#2M2 biii@
}M/2iX 6Ƀ` /ɃMM2 K;M2iBb+?2 6BHK2- rB2 BM /B2b2` `#2Bi p2`r2M/2i- bBM/ Lû2H@q M/2
/B2 2M2`;2iBb+? ;ɃMbiB;2`2M- / /b ai`2m72H/ mb /2` 1#2M2 ?2`mb KBMBKH BbiX
AK `2KM2Mi2M wmbiM/ HB2;2M BK 62``QK;M2i2M .QK M2M pQ`X qB`/ 2BM J;M2i72H/ M@
k8
ETBi2H k amT`H2BimM; mM/ J;M2iBbKmb
##BH/mM; kXRR, .`bi2HHmM; 2BM2` 180ê Lû2H@UHBMFbV mM/ 2BM2` "HQ+?@U`2+?ibV.QK M2MrM/X
;2H2;i- `B+?i2M bB+? /B2 .QK M2M M+? /2K  mĽ2`2M J;M2i72H/ mb- #Bb /B2 a iiB;mM;
2``2B+?i BbiX o2`b+?B2/2Mbi2 lKK;M2iBbB2`mM;bT`Qx2bb2 7Ƀ?`2M /MM /xm- /bb bB+? /B2
.QK M2MrM/ xm;mMbi2M /2` 2M2`;2iBb+? #2pQ`xm;i2bi2M .QK M2 p2`b+?B2#2MX .B2b2 S`Q@
x2bb2 bBM/ /B2 qM/p2`b+?B2#mM; xm;mMbi2M /2` 2M2`;2iBb+? #2pQ`xm;i2 .QK M2 mM/ /B2
_QiiBQM /2` ;Mx2M .QK M2X .B2 :`ƺĽ2 /2` .QK M2M mM/ /2` .QK M2MrM/ Bbi pQM
;`QĽ2` "2/2mimM; r2MM ai`mFim`2M BK LMQK2i2`#2`2B+? m7;2Hƺbi r2`/2M bQHH2MX
kXkX9 MBbQi`QTB2
LB+?i HH2 _B+?imM;2M bBM/ BM K;M2iBb+?2M Ji2`BHB2M 2M2`;2iBb+? 2Mi`i2iX 1b FQKKi
xm 2BM2` "2;ɃMbiB;mM; 2BM2` Q/2` K2?`2`2` F`BbiHHQ;`T?Bb+?2` +?b2M BK 62biFƺ`T2`X
.B2 #2;ɃMbiB;i2 _B+?imM; Bbi /B2 bQ;2MMMi2 H2B+?i2 _B+?imM; U2bv@tBbV mM/ /B2 r2MB;2`
#2;ɃMbiB;i2 _B+?imM; Bbi /B2 b+?r2`2 _B+?imM; U?`/@tBbVX .B2 K;M2iBb+?2 MBbQi`QTB22@
M2`;B2 #2b+?`2B#i /B2 1M2`;B2 /B2 MQir2M/B; Bbi- mK /B2 J;M2iBbB2`mM; pQM /2` H2B+?i2M
_B+?imM; BM /B2 b+?r2`2 _B+?imM; xm /`2?2MX
.B2 l`b+?2 /2` K;M2iBb+?2M MBbQi`QTB2 HB2;i M xr2B T?vbBFHBb+?2M q2+?b2HrB`FmM;2MX
wmK 1BM2M /B2 .BTQH@.BTQH q2+?b2HrB`FmM; mM/ /B2 /KBi xmbKK2M? M;2M/2 6Q`KM@
BbQi`QTB2 mM/ E`BbiHHMBbQi`QTB2X wmK M/2`2M /B2 aTBM@"?M@EQTTHmM; r2H+?2 m+? KBi
2BM2M 1BM~mbb m7 /B2 E`BbiHHMBbQi`QTB2 mM/ /B2 P#2`~ +?2MMBbQi`QTB2 ?iX .B2 H2B+?@
i2 _B+?imM; rB`/ /m`+? /B2 EQMFm``2Mx /2` E`BbiHHMBbQi`QTB2 mM/ 6Q`KMBbQi`QTB2 #2@
biBKKiX AM /ɃMM2M 6BHK2M HB2;i /2b?H# /B2 J;M2iBbB2`mM; #2pQ`xm;i BM /2` 1#2M2X AM
JmHiBH;2M@ai`mFim`2M FMM /B2b2 /m`+? E`BbiHHMBbQi`QTB2 mb /2` 1#2M2 ?2`mb ;2/`2?i
r2`/2MX "2B KQ`T?2M a+?B+?i2M- rB2 bB2 ?B2` p2`r2M/2i r2`/2M- KBi 2BM2K EQMiBMmmK
M K;M2iBb+?2M JQK2Mi2M- Bbi /B2 E`BbiHHMBbQi`QTB2 p2`M+?H bbB;#`X
.B2 MBbQi`QTB2 rB`/ K2Bbi /m`+? /b MBbQi`QTB272H/ > `2T` b2MiB2`iX .B2b2b 62H/ Bbi T`@
HH2H xm` H2B+?i2M _B+?imM; mM/ FMM xmK M;2H2;i2M J;M2i72H/ p2FiQ`B2HH //B2`i r2`/2MX
.b MBbQi`QTB272H/ Bbi /2}MB2`i Hb /b 62H/- r2H+?2b #2MƺiB;i rB`/- mK /B2 J;M2iBbB2`mM;




.b 7QH;2M/2 ETBi2H 2Mi? Hi /B2 :`mM/H;2M xm /2M BM /B2b2` `#2Bi p2`r2M/2i2M J2bbK2@
i?Q/2MX .`mMi2` 7HH2M aZlA.@J;M2iQK2i2` UamT2`+QM/m+iBM; ZmMimK AMi2`72`2M+2
.2pB+2V- 6`/v@JBF`QbFQTB2 bQrB2 /B2 _ƺMi;2MKBF`QbFQTB2 KBi /2M 1`r2Bi2`mM;2M /2b
>2HBmK E`vQbii2M mM/ h`MbKBbbBQMK2bbmM;2MX
jXR aZlA.@J;M2iQK2i`B2
.b K;M2iBb+?2 JQK2Mi 2BM2b amT`H2Bi2`b Q/2` 2BM2b 62``QK;M2i2M FMM KBii2Hb 2B@
M2b aZlA. J;M2iQK2i2`b UamT2`+QM/m+iBM; ZmMimK AMi2`72`2M+2 .2pB+2V #2biBKKi
r2`/2MX 6Ƀ` amT`H2Bi2` Bbi /B2 ai`QK/B+?i2 BK `2KM2Mi2M wmbiM/ T`QTQ`iBQMH xmK
K;M2iBb+?2M JQK2Mi /2` S`Q#2- bQ72`M jc Ƀ#2` /B2 S`Q#2 FQMbiMi BbiX AK 6QH;2M/2M
bQHH Fm`x /B2 6mMFiBQMbr2Bb2 2BM2b aZlA.@J;M2iQK2i2`b 2`H mi2`i r2`/2MX .B2 BM /B2b2`
`#2Bi p2`r2M/2i2M S`Q#2M rm`/2M KBii2Hb 2BM2b JSJaj /2` 6B`K ZmMimK .2bB;M p2`@
K2bb2MX 1b rB`/ /b K;M2iBb+?2 JQK2Mi 2BM2` S`Q#2 BM #? M;B;F2Bi /2` h2KT2`im`
Q/2` 2BM2b 2ti2`M2M J;M2i72H/b ;2K2bb2MX .2` J2bbmM; xm :`mM/2 HB2;i /2` CQb2T?bQM@
1z2Fi (jy) mM/ /B2 6Hmbb[mMiBbB2`mM;X
##BH/mM; jXR x2B;i 2BM2M bmT`H2Bi2M/2M _BM;- /2` /m`+? xr2B CQb2T?bQM EQMiFi2 mM@
i2`#`Q+?2M BbiX 1b Bbi xm #2+?i2M- /bb 2BM _*@aZlA. xr2B CQb2T?bQM EQMiFi2 ?iX .2`
K;M2iBb+?2 6Hmbb FMM BK _BM; Mm` ;Mxx?HB;2 oB2H7+?2 /2b 6Hmbb[mMib Φ0 MM2?@
K2MX .b 2ti2`M2 J;M2i72H/ mMi2`HB2;i MB+?i /B2b2` 1BMb+?` MFmM;- rQ`mb 7QH;i- /bb /B2
.Bz2`2Mx |Hext − nΦ0| BM 6Q`K 2BM2b bmT`H2Bi2M/2M ai`QKb BK _BM; FQKT2MbB2`i rB`/X
>B2`mb 7QH;i- /bb 2BM2 FQMiBMmB2`HB+?2 M/2`mM; /2b 2ti2`M2M 62H/2b xm 2BM2` T2`BQ/B@
b+?2M M/2`mM; /2b amT`bi`QKb 7Ƀ?`iX .B2 T2`BQ/Bb+?2 "2r2;mM; 2BM2` S`Q#2 /m`+? /2M
_BM; 7Ƀ?`i xm 2BM2` M/2`mM; /2b amT`bi`QKbX .m`+? /2M CQb2T?bQM@EQMiFi FƺMM2M
/#2B FH2BMbi2 M/2`mM;2M BK amT`bi`QK /2i2FiB2`i r2`/2MX .2` amT`bi`QK QbxBHHB2`i
kd
ETBi2H j J2bbK2i?Q/2M
##BH/mM; jXR, aFBxx2 2BM2b aZlA.@
_BM;b 2MiMQKK2M mb (jR)X AM #Hm Bbi
/2` bmT`H2Bi2M/2 _BM; /`;2bi2HHi- /2`
/m`+? xr2B CQb2T?bQM EQMiFi2 U`QiV
mMi2`#`Q+?2M BbiX .B2 M/2`mM; /2b K@
;M2iBb+?2M 6Hmbb2b 7Ƀ?`i xm 2BM2K T2`B@
Q/Bb+?2M aB;MH /`;2bi2HHi BM ##BH/mM;
jXkX
##BH/mM; jXk, aTMMmM;bMirQ`i 2BM2` aZlA.@a+?H2B72 m7 :`mM/ /2b K;M2iBb+?2M 6Hmbb2bX
1BM2 S2`BQ/2 2MibT`B+?i 2BM2K 6Hmbb[mMiX
BM #? M;B;F2Bi /2`  mĽ2`2M 6Hmbb/B+?i2X Abi /2` 1BM;M;bbi`QK ;`ƺĽ2` Hb /B2 F`BiBb+?2
CQb2T?bQM ai`QK/B+?i2 A+- `#2Bi2i /b aZlA. BK `2bBbiBp2M JQ/mbX AM /B2b2K 6HH Bbi /B2
aTMMmM;- rB2 BM ##BH/mM; jXk ;2x2B;i- 2BM2 6mMFiBQM /2b M;2H2;i2M J;M2i72H/2b mM/
2BM2 S2`BQ/2 ;H2B+? /2K 6Hmbb[mMiX .b K;M2iBb+?2 JQK2Mi rB`/ pQK aZlA. BM 2Km
Ǵ2H2+i`QK;M2iB+ mMBiǴ U*:a@avbi2KV M;2;2#2M mM/ FMM KBii2Hb /2` 6Q`K2H UjXRV BM
aA@1BM?2Bi2M mK;2`2+?M2i r2`/2MX
1 emu = 10−3Amȷ UjXRV
jXk J;M2iQQTiBb+?2` 6`/v@1z2Fi
1BM2 rB+?iB;2 J2i?Q/2 /B2b2` `#2Bi #2`m?i m7 /2K R39e pQM JB+?2H 6`/v 2Mi/2+F@
i2M 1z2Fi- r2H+?2` bT i2` M+? B?K #2MMMi rQ`/2M BbiX .B2b2` #2b+?`2B#i /B2 .`2?mM;
/2` SQH`BbiBQMb+?b2 pQM HBM2` TQH`BbB2`i2K GB+?i- r2MM /B2b2b 2BM J2/BmK T`HH2H xm
/2bb2M J;M2iBbB2`mM; /m`+?H m7iX .2` .`2?rBMF2H α ? M;i ?B2`#2B pQM /2` 6Hmbb/B+?i2 B
k3
jXk J;M2iQQTiBb+?2` 6`/v@1z2Fi
##BH/mM; jXj, a+?2KiBb+?2 .`bi2HHmM; /2b J2bbT`BMxBTb /2` J;M2iQQTiBF
BK J2/BmK- /2` .m`+?;M;bbi`2+F2 d mM/ /2` o2`/2i@EQMbiMi2M UKi2`BHbT2xB}b+?V V
#,
α = V · d ·B UjXkV
.B2 o2`/2i@EQMbiMi2 Bbi BK HH;2K2BM2M #? M;B; pQM /2` q2HH2MH M;2 /2b p2`r2M/2i2M
GB+?ib mM/ /2` h2KT2`im`X .B2 6Hmbb/B+?i2 " Bbi xmbKK2M;2b2ixi mb /2` J;M2iBbB2`mM;
/2b Ji2`BH mM/ /2` ai `F2 /2b 2ti2`M2M J;M2i72H/2b >,
B = μ0(H +B) UjXjV
wm :`mM/2 HB2;i /2K 1z2Fi /B2 w22KMM m7bTHimM; /2` 1M2`;B2MBp2mb BK K;M2iQQT@
iBb+? FiBp2M J2/BmKX >B2`/m`+? FQKKi 2b xm 2BM2` mMi2`b+?B2/HB+?2M #bQ`TiBQMb@ mM/
1KBbbBQMbr?`b+?2BMHB+?F2Bi /2` #2B/2M xB`FmH` TQH`BbB2`i2M h2BHr2HH2M /2b HBM2` TQH@
`BbB2`i2M GB+?ib- rQ`mb 2BM2 .`2?mM; /2` SQH`BbiBQMb2#2M2 `2bmHiB2`iX AK 6HH2 /2` ?B2`
p2`r2M/2i2M 72``BK;M2iBb+?2M 1Bb2M;`Mi2 Bbi /B2b D2/Q+? MB+?i /2` 6HHX >B2` rB`/ 2BM2
EHB#`B2`Fm`p2 /2` GB+?iBMi2MbBi i ;2;2M /b J;M2i72H/ ;2#`m+?iX :2Mm2` rB`/ /B2b BM
#b+?MBii jXkXj 2`H mi2`iX
##BH/mM; jXj x2B;i 2BM2M b+?2KiBb+?2M m7#m /2b J2bbT`BMxBTbX .2` amT`H2Bi2` Bbi BM
#Hm /`;2bi2HHiX .`Ƀ#2` #2}M/2i bB+? /B2 K;M2iQQTiBb+?2 a+?B+?i U`QiV KBi 2BM2K aTB2@
;2H m7 /2` lMi2`b2Bi2 U;`mVX .B2 `2+?i2 > H7i2 /2b amT`H2Bi2`b b2B ~mĽ7`2B- /B2 HBMF2 > H7i2
#2}M/2i bB+? BM /2` a?m#MBFQp@S?b2X .b ai`2m72H/ /2` 6HmbbHBMB2M /m`+?/`BM;i /B2 m7
/2K amT`H2Bi2` m7;2H2;i2 K;M2iQQTiBb+? FiBp2 a+?B+?iX m7 :`mM/ /2` ɂ#2`bB+?iHB+?F2Bi
kN
ETBi2H j J2bbK2i?Q/2M
rB`/ /2` 2BM7HH2M/2 ai`?H U;2H#V mMi2` 2BM2K qBMF2H xm` a+?B+?iMQ`KH2M /`;2bi2HHiX AK
1tT2`BK2Mi Bbi /B2b2` qBMF2H MmHHX .b 2BM7HH2M/2 GB+?i rB`/ K aTB2;2H `2~2FiB2`iX AM #@
? M;B;F2Bi /2b J;M2i72H/2b rB`/ MmM /B2 SQH`BbiBQMb2#2M2 /2b 2BM7HH2M/2M GB+?ibi`?Hb
;2/`2?iX .B2b #2/2mi2i- /bb /B2 SQH`BbiBQMb2#2M2 m7 /2` HBMF2M a2Bi2 ;2/`2?i rB`/ mM/
m7 /2` _2+?i2M MB+?iX SQH`BbiQ` mM/ MHvbiQ` bBM/ b2MF`2+?i xm2BMM/2` mb;2`B+?@
i2iX .B2b ?i xm` 6QH;2- /bb GB+?i- r2H+?2b MB+?i ;2/`2?i rm`/2- /2M MHvbiQ` MB+?i
TbbB2`2M FMMX .;2;2M FMM GB+?i- /2bb2M SQH`BbiBQM /m`+? 2BM ƺ`iHB+?2b J;M2i72H/
;2/`2?i rm`/2- /2M MHvbiQ` TbbB2`2MX C2 ;`ƺĽ2` /b ƺ`iHB+?2 J;M2i72H/- /2biQ ?ƺ?2`
/B2 ;2K2bb2M2 GB+?iBMi2MbBi iX .B2 J;M2iBbB2`mM; /2` K;M2iQQTiBb+? FiBp2M a+?B+?i- BK
bT2xB2HH2M 72``BK;M2iBb+?2 1Bb2M;`Mi2- HB2;i BM /2` 1#2M2 mM/ i` ;i //m`+? MB+?i xmK
6`/v@1z2Fi #2BX .B2 K;M2iQQTiBb+?2 a+?B+?i rB`/ BM jXkXR /2iBHHB2`i2` #2b+?`B2#2MX
jXkXR 62``BK;M2iBb+?2 1Bb2M;`Mi2
6Ƀ` /B2 Q`ibm7;2Hƺbi2 ##BH/mM; /2` K;M2iBb+?2M 6Hmbb/B+?i2p2`i2BHmM; bBM/ Ji2`BHB2M
;22B;M2i- /B2 2BM2 ?Q?2 o2`/2i@EQMbiMi2- Ƀ#2` /2M ;2bKi2M h2KT2`im`#2`2B+?- mM/ /B2
/KBi p2`#mM/2M2 ?Q?2 6`/v@_QiiBQM m7r2Bb2MX AM /B2b2` `#2Bi rm`/2M 72``BK;M2@
iBb+?2 1Bb2M;`Mi2 p2`r2M/2i- /2`2M J;M2iBbB2`mM; BM /2` 1#2M2 HB2;i (jk)X AM ##BH/mM;
jX9 Bbi /2` a+?B+?im7#m /B2b2b AM/BFiQ`b /`;2bi2HHiX .B2b2` #2bi2?i mb 2BM2K 500μK /B@
+F2M 2BMF`BbiHHBM2M :HHBmK@:/QHBMBmK;`Mi- 2BM2` 7μK /B+F2M K;M2iQQTiBb+? FiBp2
72``BK;M2iBb+?2M 1Bb2M;`Mib+?B+?i mM/ 2BM2K 0, 4μK /ɃMM2M hBiMbTB2;2HX .B2 m7@
HƺbmM; /B2 KBi bQH+?2M AM/BFiQ`b+?B+?i2M 2``2B+?i r2`/2M FMM- Bbi /m`+? /2M #biM/
xrBb+?2M S`Q#2 mM/ 1Bb2M;`Mi #2;`2MxiX wmb ixHB+? /xm Bbi /B2 a+?B+?i/B+F2 bQrB2 /B2
p2`r2M/2i2 GB+?ir2HH2MH M;2 2BM 2Mib+?2B/2M/2` 6FiQ`- r2H+?2` /B2 m~ƺbmM; #2;`2MxiX
##BH/mM; jX9, Zm2`b+?MBii /2b AM/B@
FiQ`b KBi aTB2;2H- K;M2iQQTiBb+? F@




6QH;2M/ bQHH Fm`x /2` J2bbm7#m BM ##BH/mM; jX8 7Ƀ` K;M2iQQTiBb+?2 J2bbmM;2M 2`@
H mi2`i r2`/2MX .B2 S`Q#2 rB`/ KBi m7;2H2;i2K AM/BFiQ` m7 /2M EɃ?H}M;2` 2BM2b >2@
HBmK/m`+?~mbbF`vQbii2M ;2H2;i mM/ i?2`KBb+? M;2FQTT2HiX .2` E`vQbii #2bBixi 2BM2M
?Q?2M .m`+?~mbb mM/ FMM bQKBi BMM2`?H# pQM r2MB;2M JBMmi2M pQM _mKi2KT2`im`
m7 7E #;2FɃ?Hi r2`/2MX .B2 h2KT2`im` FMM Ƀ#2` 2BM2M .m`+?~mbb`2;H2` bQrB2 2BM2M
>2Bx/`?i ;2`2;2Hi r2`/2MX 6Ƀ` /B2 h2KT2`im`K2bbmM; Bbi 2BM *2`MQt h?2`KQrB/2`biM/
/B`2Fi M2#2M /2` S`Q#2 m7 /2K EɃ?H}M;2` M;2#`+?iX wm` i?2`KBb+?2M AbQHiBQM pQM /2`
lK;2#mM; rB`/ /B2 S`Q#2MFKK2` KBii2Hb 2BM2` hm`#QTmKT2 #;2TmKTiX .2` S`Q#2M@
`mK Bbi xm` PTiBF ?BM KBi 2BM2K amT`bBH;Hb- r2H+?2b 2BM2 b2?` ;2`BM;2 6`/v@_QiiBQM
m7r2Bbi- p2`b+?HQbb2MX wm` :2M2`B2`mM; 2BM2b J;M2i72H/2b b2MF`2+?i xm` a+?B+?i2#2M2
rB`/ 2BM2 EmT72`bTmH2 mK /2M S`Q#2M`mK ;2H2;iX .B2b2 aTmH2 FMM 2BM JtBKH72H/ pQM
240Kh 2`x2m;2MX
.b JBF`QbFQT Bbi pQK hvT SQHvp` J2i /2` 6B`K _2B+?2`i@CmM;X Hb GB+?i[m2HH2 /B2Mi 2B@
M2 200qZm2+FbBH#2`/KT~KT2 /2`2M q2HH2MH M;2M#2`2B+? /m`+? 6BHi2` m7 400−500 MK
2BM;2b+?` MFi rB`/X .B2 o2`;`ƺĽ2`mM; `2B+?i pQM ky@7+? #Bb Ryyy@7+?X .B2 "BH/2` r2`/2M
KBi 2BM2` *JPa@EK2` P`+@6Hb? 9Xy /2` 6B`K >KKibm m7;2MQKK2MX .B2b2 ?i
2BM2 m~ƺbmM; pQM 2048 t 2048 SBt2HX
jXkXj mbr2`imM;bT`BMxBT J;M2iQQTiBF
.B2 m7;2MQKK2M2M "BH/2` x2B;2M 2BM2 AMi2MbBi ibp2`i2BHmM;- r2H+?2 BM /B2 6Hmbb/B+?i2p2`@
i2BHmM; Ƀ#2`7Ƀ?`i r2`/2M KmbbX >B2`7Ƀ` Kmbb 2BM2 EHB#`B2`mM; xrBb+?2M /2` 6Hmbb/B+?i2
mM/ /2` AMi2MbBi i /m`+?;27Ƀ?`i r2`/2MX .xm rB`/ /B2 AMi2MbBi i BM #? M;B;F2Bi /2b
 mĽ2`2M 62H/2b μ0Hext M 2BM2K P`i Q?M2 amT`H2Bi2` m7;2MQKK2MX .B2b 2`;B#i 2BM2
EHB#`B2`Fm`p2 μ0Hext(I) rQ/m`+? D2/2K >2HHB;F2Bibr2`i 2BM2b SBt2H 2BM 6Hmbb/B+?i2r2`i
μ0Hext = B⊥ xm;2Q`/M2i r2`/2M FMMX AK 7QH;2M/2M bQHH /B2 EHB#`B2`7mMFiBQM ?2`;2H2Bi2i
r2`/2M (j9)X .2` qBMF2H α /2` 6`/v@_QiiBQM Bbi T`QTQ`iBQMH xm /2` J;M2iBbB2`mM;b@
FQKTQM2Mi2 b2MF`2+?i xm` a+?B+?i2#2M2X aB2?2 6Q`K2H UjXkVX .B2b2 EQKTQM2Mi2 FMM mb
/2` bTQMiM2M J;M2iBbB2`mM; BM /2` a+?B+?i2#2M2 Ms mM/ /2K qBMF2H Φ mMi2` /2K bB+?
/B2 J;M2iBbB2`mM; mMi2` 2BM2K 2ti2`M2M J;M2i72H/ mb /2` a+?B+?i2#2M2 ?2`mb/`2?i-
#2`2+?M2i r2`/2MX .2` qBMF2H Φ Bbi m+? Ƀ#2` /B2 EQKTQM2Mi2M /2` 6Hmbb/B+?i2 BM /2`











##BH/mM; jXe, oBbmHBbB2`mM; /2` J;M2iBbB2`mM;bFQKTQM2Mi2M BM /2` K;M2iQQTiBb+?2M
a+?B+?iX





c Bbi ?B2` 2BM2 S`QTQ`iBQMHBi ibFQMbiMi2 mM/ BK /B2 MBbQi`QTB272H/bi `F2 /2b J2/BmKbX
JBii2Hb /2` :2b2ixi2 pQM JHmb H bbi bB+? MmM 62H/bi `F2 KBi /2` AMi2MbBi i p2`FMɃT72M,
I = Ioff + I0 bBM2(α + α0) UjXeV
1b rB`/ ?B2`#2B #2`Ƀ+FbB+?iB;i- /bb MHvbiQ` mM/ SQH`BbiQ` MB2 ;2Mm b2MF`2+?i xm@
2BMM/2` bBM/X .2` qBMF2H α0 ;B#i M- mK rB2pB2H /B2b2 mb /2` ;2F`2mxi2M ai2HHmM; ?2`mb
;2/`2?i bBM/X







) + α0])] UjXdV
Ioff #2b+?`2B#i /B2 AMi2MbBi i 7Ƀ` /B2 ;2F`2mxi2 ai2HHmM; pQM SQH`BbiQ` mM/ MHvbiQ`
mM/ I0 /B2 2BM7HH2M/2 AMi2MbBi iX .B2 2BM7HH2M/2 AMi2MbBi i I0 Bbi pQM /2M >2HHB;F2Bib2BMbi2H@
HmM;2M /2b JBF`QbFQTb #? M;B;- r2br2;2M #2B /2` mbr2`imM; .Bz2`2Mx#BH/2` p2`r2M/2i
r2`/2MX q2Bi2`?BM r2`/2M EHB#`B2`#BH/2` M /2`b2H#2M ai2HH2 m7;2MQKK2M- M /2` m+?
/B2 S`Q#2 +?`Fi2`BbB2`i rB`/X
.B2 J;M2iQQTiBF Bbi BM /2` G;2- Q`ibm7;2Hƺbi /B2 F`BiBb+?2 ai`QK/B+?i2 pQM amT`H2Bi2`M
xm HB272`MX .xm Kmbb /B2 6Hmbb/B+?i2 BM /B2 ai`QK/B+?i2 mK;2`2+?M2i r2`/2MX .b MmK2@
`Bb+?2 o2`7?`2M rB`/ BM (j8) #2b+?`B2#2MX mb;M;bTmMFi Bbi /b :2b2ix pQM "BQi@ap`i-
/b /B2 6Hmbb/B+?i2 mM/ ai`QK/B+?i2 BM "2xB2?mM; b2ixiX




4π|r − r′| d
3r′ UjX3V
lK pQM /2` ;2;2#2M2M 6Hmbb/B+?i2p2`i2BHmM; /B2 ai`QK/B+?i2 xm #2`2+?M2M- Kmbb /B2b2
:H2B+?mM; BMp2`iB2`i r2`/2MX qB2 BM #b+?MBii jXkXR ;2x2B;i- FMM Mm` /B2 x@EQKTQM2Mi2
/2` 6Hmbb/B+?i2 "xUt-vV ;2K2bb2M r2`/2M mM/ /?2` F2BM2 mbb;2 Ƀ#2` /B2 x@EQKTQM2Mi2M
/2` ai`QK/B+?i2 D ;2K+?i r2`/2MX .B2b2 Bbi m+? 7Ƀ` /ɃMM2 a+?B+?i2M p2`M+?H bbB;#`
jj
ETBi2H j J2bbK2i?Q/2M
##BH/mM; jXd, P#2M HBMFb, J@
;M2iQQTiBF#BH/ /2` 6Hmbb/B+?i2p2`@
i2BHmM; BK `2KM2Mi2M wmbiM/X
_2+?ib Q#2M, "2`2+?M2i2 ai`QK/B+?@
i2p2`i2BHmM;- /B2 ;`ɃM2M S72BH2 /2m@
i2M /B2 _B+?imM; /2b ai`QK~mb@
b2b MX lMi2M, 6Hmbb/B+?i2p2`i2BHmM;
BM /2` 1#2M2 7Ƀ` /B2 t@ mM/ v@
_B+?imM;X
;2`BM; (ke)X AK 1tT2`BK2Mi Bbi /b aFH`72H/ Bz(x, y) xm; M;HB+?- 7Ƀ` /B2 "2biBKKmM;b@
;H2B+?mM; Bbi /b o2FiQ`72H/ j(r) ;2bm+?i- rb #2/2mi2i- /bb :H2B+?mM; jX3 M+? D m7;2Hƺbi
r2`/2M KmbbX 6Ƀ` /B2 2BM/2miB;2 "2biBKKmM; rB`/ mb;2Mmixi- /bb divj = 0X .B2b #2/2m@
i2i- /bb /B2 ai`QK/B+?i2 [m2HH2M@ mM/ b2MF2M7`2B BbiX .B2 AMp2`iB2`mM; /2b :2b2ix2b pQM
"BQi@ap`i Kmbb MmK2`Bb+? /m`+?;27Ƀ?`i r2`/2MX 6Ƀ` /B2 "2biBKKmM; /2b AMi2;`Hb rB`/
mb;2Mmixi- /bb /B2 6HimM; BK 6Qm`B2``mK BM 2BM2 JmHiBTHBFiBQM Ƀ#2`;2?iX .KBi /b
_mb+?2M /2` J2bbr2`i2 MB+?i p2`bi `Fi rB`/- rB`/ 2BM >MMBM;@62Mbi2` 2BM;27Ƀ?`i- /b
?Q?2 6`2[m2Mx2M BK F@_mK #b+?M2B/2iX .B2 6Qm`B2`i`Mb7Q`KiBQM mM/ Mb+?HB2Ľ2M/2
_Ƀ+Fi`Mb7Q`KiBQM 2`Kƺ;HB+?i mb /2` 6Hmbb/B+?i2p2`i2BHmM; /B2 Q`ibm7;2Hƺbi2 F`BiBb+?2
ai`QK/B+?i2p2`i2BHmM; xm #2`2+?M2MX AM ##BH/mM; jXd Bbi Q#2M HBMFb 2BM2 #2BbTB2H?7i2
K;M2iQQTiBb+?2 m7M?K2 /2` x@EQKTQM2Mi2M /2` K;M2iBb+?2M 6Hmbb/B+?i2p2`i2BHmM;
2BM2` /ɃMM2M u"*P@a+?B+?i ;2x2B;iX C2/2K :`mr2`i FMM ?B2` M+? 2BM2` EHB#`B2`mM;
2BM 6Hmbb/B+?i2r2`i xm;2Q`/M2i r2`/2MX _2+?ib /M2#2M Bbi /B2 #2`2+?M2i2 F`BiBb+?2 ai`QK@
/B+?i2p2`i2BHmM; /`;2bi2HHi BM r2H+?2K #2BbTB2H?7i BM ;`ɃM /2` ai`QKT7/ 2BM;2x2B+?M2i





h`MbKBbbBQMbK2bbmM;2M KBi ?`i2M _ƺMi;2Mbi`?H2M M /2` E@EMi2 pQM 1Bb2M rm`/2M
RN3d 2`biKH pQM :Bb2H a+?Ƀix 2i HX p2`ƺz2MiHB+?i (je)X >B2` rm`/2 /B2 #bQ`TiBQMb@
#? M;B;F2Bi /2` SQH`BbiBQM pQM xB`FmH` TQH`BbB2`i2M GB+?ib ;2K2bb2MX >B2`m7 7QH;i2
/B2 1MirB+FHmM; /2` [mMi2MK2+?MBb+?2M amKK2M`2;2HM xm` "2biBKKmM; /2b aTBM@ mM/
"?MKQK2Mib mM/ /2`2M 2tT2`BK2Mi2HH2` L+?r2Bb BM /2M j/@ɂ#2`;M;bK2iHH2M r2MB;
bT i2` (jd- j3- jN)X .2` sJ*.@1z2Fi Us@`v J;M2iB+ *B`+mH` .B+?`QBbKV HB272`i 2H2@
K2MibT2xB}b+?2 "?M@ mM/ aTBMKQK2Mi2 (9y- 9R)X
##BH/mM; jX3 x2B;i b+?2KiBb+? /B2 :`mM/H;2 /2b sJ*.@1z2Fib K "2BbTB2H pQM 1Bb2MX
1b Bbi /b 1BMi2BH+?2MM`2;mM;bb+?2K /2` kT@1H2Fi`QM2M mM/ /2` #2b2ixi2M mM/ mM#2@
b2ixi2M K;M2iBb+?2M j/@wmbi M/2M /`;2bi2HHiX .B2b2 bBM/ /m`+? /B2 mbimb+?2M2`;B2
bTBMTQH`BbB2`i m7;2bTHi2MX .B2 .BTQHmbr?H`2;2HM Hbb2M Mm` /2M ɂ#2`;M; mb /2K
kT@LBp2m BM /B2 mM#2b2ixi2M j/@wmbi M/2 xmX wB`FmH` TQH`BbB2`i2b GB+?i- /2bb2M 1M2`;B2
;2Mm /2` 1M2`;B2/Bz2`2Mx xrBb+?2M /2K kT@LBp2m mM/ /2` 62`KB2M2`;B2 2MibT`B+?i- FMM
#bQ`#B2`i r2`/2MX .B2 #bQ`TiBQM /2b xB`FmH` TQH`BbB2`i2M GB+?ib 7Ƀ?`i /xm- /bb bTBM@
TQH`BbB2`i2 S?QiQ2H2Fi`QM2M 2`x2m;i r2`/2M- /B2 #? M;B; pQM /2M mM#2b2ixi2M wmbi M/2M
/2` m7;2bTHi2M2M wmbiM/b/B+?i2 /2b j/@"M/2b #bQ`#B2`i r2`/2MX C2 M+? aTBM`B+?imM;
 M/2`i bB+? /B2 #bQ`TiBQM μ mM/ Bbi /KBi 2BM JĽ 7Ƀ` /B2 7`2B2M wmbi M/2X .B2 .Bz2`2Mx
xrBb+?2M /2` #bQ`TiBQM pQM `2+?ib mM/ HBMFb TQH`BbB2`i2K GB+?i Bbi bQKBi 2BM JĽ 7Ƀ` /b
K;M2iBb+?2 JQK2MiX ##BH/mM; jXN x2B;i /2M o2`Hm7 /2` #bQ`TiBQM BM #? M;B;F2Bi pQM
/2` S?QiQM2M2M2`;B2 mM/ @TQH`BbiBQMX .B2 AMi2MbBi i /2` JtBK /2` Gj@ mM/ Gk@EMi2
Bbi pQM /2` T`HH2H2M Q/2` MiBT`HH2H2M P`B2MiB2`mM; /2` SQH`BbiBQM xm` J;M2iBbB2`mM;
#? M;B;X .B2 .Bz2`2Mx mb /2M aT2Fi`2M /2` D2r2BHB;2M SQH`BbiBQM Q/2` J;M2iBbB2`mM;
2`;B#i /B2 bQ;2MMMi2M sJ*.@aT2Fi`mK KBi /2M 7Ƀ` j/@ɂ#2`;M;bK2iHH2M ivTBb+?2M M2@
;iBp2M mM/ TQbBiBp2M S2FbX .2` #biM/ xrBb+?2M /B2b2M S2Fb UΔE2pV Bbi /B2 1M2`;B2
/2` kT@aTBM@"?M@q2+?b2HrB`FmM;X 6Ƀ` /2M sJ*.@1z2Fi Bbi 2b mM#? M;B;- Q# #2B FQM@
biMi2` SQH`BbiBQM /b oQ`x2B+?2M /2` J;M2iBbB2`mM;- Q/2` #2B ;H2B+?2` J;M2iBbB2`mM;
/B2 _B+?imM; /2` xB`FmH`2M SQH`BbiBQM ;2 M/2`i rB`/X .B2 K;M2iBbB2`mM;b#2/BM;i2 M@
/2`mM; /2` #bQ`TiBQM Bbi T`QTQ`iBQMH xmK aFH`T`Q/mFi xrBb+?2M J;M2iBbB2`mM; M
mM/ SQH`BbiBQMbp2FiQ` P X
μ+ − μ− = Δμ ∝ Δ( M · P ) UjXNV
>B2`KBi #B2i2i /2` sJ*.@1z2Fi /B2 Jƺ;HB+?F2Bi 2H2K2MibT2xB}b+?2 AM7Q`KiBQM2M /m`+?
/B2 1M2`;B2b2T`iBQM /2` +?`Fi2`BbiBb+?2M _ƺMi;2M#bQ`TiBQMbFMi2M xm HB272`MX .B2 `2@
j8
ETBi2H j J2bbK2i?Q/2M
##BH/mM; jX3, aFBxx2 xm` #bQ`TiBQMb/Bz2`2Mx pQM TQH`BbB2`i2M _ƺMi;2Mbi`?H2M K "2BbTB2H
/2b kT M+? j/ ɂ#2`;M;b pQM 1Bb2MX wB`FmH` TQH`BbB2`i2b GB+?i rB`/ BM #? M;B;F2Bi /2`
>2HBxBi i mMi2`b+?B2/HB+? bi`F #bQ`#B2`iX .B2 #bQ`TiBQM bQM/B2`i /B2 wmbiM/b/B+?i2 BK j/@
"M/ /2b 1H2K2MibX aFBxx2 2MiMQKK2M mb (jj)X
bQMMi2 62BMbi`mFim` M /2` #bQ`TiBQMbFMi2 ;B#i mbFmM7i Ƀ#2` /B2 +?2KBb+?2 wmbK@
K2Mb2ixmM;X
jXjXR avM+?`Qi`QMbi`?HmM;
.B2 BM /B2b2` `#2Bi p2`r2M/2i2 _ƺMi;2Mbi`?HmM; 2Mibi2?i- r2MM 1H2Fi`QM2M /m`+? J@
;M2i2M m7 2BM2 E`2Bb#?M ;2H2MFi r2`/2MX .B2 /#2B 2MibiM/2M2 _ƺMi;2Mbi`?HmM; rB`/
iM;2MiBH #;2bi`?HiX .B2 1M2`;B2 /B2b2` ai`?HmM; rB`/ /m`+? /B2 ai `F2 /2b J;M2i@
72H/2b- bQ;2MMMi2M Ǵ"2M/BM; J;M2i2Ǵ #2biBKKiX .b _ƺMi;2MKBF`QbFQT- /b BM /B2b2`
`#2Bi p2`r2M/2i rm`/2- bi2?i M 2BM2` "2KHBM2- r2H+?2 B?`2 ai`?HmM; /m`+? 2BM2M lM@
/mHiQ` #2FQKKiX 1BM lM/mHiQ` FMM M /2M ;2`/2M h2BHbiɃ+F2M /2b avM+?`Qi`QMb 2BM@
;2#mi r2`/2MX 1` #2bi2?i mb xr2B _2B?2M T2`BQ/Bb+? M;2`2B?i2M S2`KM2MiK;M2i2M-
/B2 D2r2BHb Q#2`?H# mM/ mMi2`?H# /2` 1H2Fi`QM2M#?M M;2Q`/M2i bBM/X .B2b2 _2B?2M
M S2`KM2MiK;M2i2M FƺMM2M ;2;2M2BMM/2` p2`b+?Q#2M r2`/2MX .#2B 7Ƀ?`i 2BM2 o2`@
b+?B2#mM; mK 2BM2 oB2`i2HT2`BQ/2 /xm- /bb /B2 1H2Fi`QM2M m7 2BM2 aTB`H#?M ;2H2MFi
r2`/2M mM/ /b 2KBiiB2`i2 GB+?i Ƀ#2`H;2`i bB+? FQ? `2Mi xm xB`FmH` TQH`BbB2`i2K GB+?iX
1BM2 `2HiBp2 o2`b+?B2#mM; /2` J;M2i2 ;2;2M2BMM/2` 7Ƀ?`i xm `2+?ib Q/2` HBMFb xB`FmH`
TQH`BbB2`i2K GB+?iX .2` #biM/ xrBb+?2M /2M Q#2`2M mM/ mMi2`2M J;M2i2M #2biBKKi
/B2 1M2`;B2 /2` 2`x2m;i2M ai`?HmM;X C2 ;2`BM;2` /B2b2` #biM/ Bbi- /2biQ ?ƺ?2` Bbi /b
je
jXj _ƺMi;2M/B+?`QBbKmb
##BH/mM; jXN, P#2M, #bQ`TiBQMb@
bT2Fi` /2b kT M+? j/@ɂ#2`;M;b BM
1Bb2MX .b mMi2`2 aT2Fi`mK 2`;B#i bB+?
mb /2` .Bz2`2Mx /2` xr2B aT2Fi`2M-
/B2 /m`+? /B2 #bQ`TiBQMb/Bz2`2Mx xm@
biM/2 FQKK2MX
J;M2i72H/X .B2 mbH2MFmM; /2` 1H2Fi`QM2M rB`/ ?ƺ?2`- rQ/m`+? 2b xm 2BM2` ;2`BM;2`2M
1M2`;B2 FQKKiX .B2 q2HH2MH M;2 /2` 2KBiiB2`i2M ai`?HmM; HB2;i BK LMQK2i2` "2`2B+?-
/ /B2 S2`BQ/2 /2` S2`KM2MiK;M2i2 BK w2MiBK2i2`@"2`2B+? Bbi mM/ /B2 1H2Fi`QM2M bB+?
KBi M?2xm GB+?i;2b+?rBM/B;F2Bi #2r2;2MX 1BM lM/mHiQ` 2`Kƺ;HB+?i 2b- _ƺMi;2Mbi`?HmM;
KBi ?Q?2` "`BHHMx- /m`+?biBKK#`2` 1M2`;B2- 2BM2K b+?KH2M GBMB2MbT2Fi`mK mM/ 7`2B2`
q?H /2` SQH`BbiBQM xm 2`x2m;2MX 1BM JQMQ+?`QKiQ` BK M+?7QH;2M/2M ai`?H`Q?` 2`@
Kƺ;HB+?i /B2 a2H2FiBQM /2` q2HH2MH M;2X .B2 "`BHHMx HB2;i 7Ƀ` lM/mHiQ`2M BK "2`2B+? pQM
1021 Photonen
s·mm2·mrad2 BMM2`?H# 2BM2b b+?KH2M q2HH2MH M;2M#2`2B+?bX .b avM+?`Qi`QM "1aau
AA K >2HK?QHix@w2Mi`mK "2`HBM `#2Bi2i BK bQ;2MMMi2M hQT@mT JQ/mb- #2B r2H+?2K
FQMiBMmB2`HB+? 1H2Fi`QM2M BM /2M aT2B+?2``BM; BMDBxB2`i r2`/2MX .B2b 2`Kƺ;HB+?i- /bb /2`
ai`QK BK _BM; FQMbiMi #2B KtBKH 300K ;2?Hi2M r2`/2M FMMX .#2B #2i` ;i /B2
1H2Fi`QM2M2M2`;B2 1, 72:2oX
jXjXk _ƺMi;2MKBF`QbFQT @ JsuJla
AM /B2b2K #b+?MBii rB`/ MmM /b _ƺMi;2MKBF`QbFQT JsuJla UJ;M2iB+ s@`v
JB`+`Qb+QT2 rBi? l>o aT2+i`Qb+QTvV- M r2H+?2K HH2 `ƺMi;2MKBF`QbFQTBb+?2M J2bbmM@
;2M /m`+?;27Ƀ?`i rm`/2M- Fm`x #2b+?`B2#2M r2`/2MX
1BM2 /2iBHHB2`i2 .`bi2HHmM; Bbi BM /2` .Bbb2`iiBQMbb+?`B7i pQM J`Fmb q2B;M/ (9k)
jd
ETBi2H j J2bbK2i?Q/2M
##BH/mM; jXRy, a+?2KiBb+?2 .`bi2HHmM; /2b avM+?`Qi`QMb pQM aT2B+?2``BM; #Bb xmK S`Q@
#2M?Hi2` m7 /2K >2HBmK@E`vQbiiFɃ?H}M;2`X
mM/ BM pQM .MB2H LQHH2 (9j) xm }M/2MX .b JBF`QbFQT rB`/ b2Bi kyyN pQM /2` #i2BHmM;
a+?Ƀix M /2` "2KHBM2 l19e@S:Jk K avM+?`Qi`QM "1aau AA K >2HK?QHix@w2Mi`mK
"2`HBM #2i`B2#2MX wm "2;BMM /B2b2` `#2Bi rm`/2M /B2 hB27i2KT2`im`K2bbmM;2M KBi 2B@
M2K aiB+FbiQz@E`vQbii2M #2B 2BM2` "bBbi2KT2`im` pQM 80E /m`+?;27Ƀ?`i- mK /B`2Fi BK
bmT`H2Bi2M/2M wmbiM/ /B2 6Hmbb/B+?i2p2`i2BHmM; K2bb2M xm FƺMM2MX AK _?K2M /B2b2` `@
#2Bi rm`/2 /2` m7#m /2b JBF`QbFQTb mK 2BM2M >2HBmK .m`+?~mbbF`vQbii2M 2`r2Bi2`iX
.B2b2` rB`/ BM #b+?MBii jXjXj ;2Mm2` #2b+?`B2#2MX .b JBF`QbFQT ?i xr2B J2bbK2@
i?Q/2M, xmK 2BM2M /B2 h1u UhQiH 1H2+i`QM uB2H/V J2bbK2i?Q/2 mM/ xmK M/2`2M /B2
J2bbmM; BM h`MbKBbbBQMX 6Ƀ` #2B/2 J2bbK2i?Q/2M mM/ pQ` HH2K 7Ƀ` /2M "2i`B2# #2B
iB272M h2KT2`im`2M Bbi 2BM2 l>o@iKQbT? `2 2bb2MiB2HHX ##BH/mM; jXRy x2B;i /B2 b+?2@
KiBb+?2 .`bi2HHmM; UMB+?i KĽbi#b;2i`2mV /2b ai`?H2M;M;b #Bb xmK E`vQbii2MX .b
JBF`QbFQT Bbi M 2BM2` lM/mHiQ`@"2KHBM2 M;2#`+?iX .2` p2`r2M/2i2 lM/mHiQ` ;2?ƺ`i
xm /2K hvT SSG1 AA U/pM+2/ SHM` SQH`Bx2/ GB;?i 1KBii2`VX .B2b2` #2bi2?i mb
72 T2`BQ/Bb+? M;2Q`/M2i2M- K;M2iBb+?2M 1H2K2Mi2M mM/ FMM HBM2` mM/ xB`FmH` TQ@
H`BbB2`i2 ai`?HmM; BK 1M2`;B2#2`2B+? pQM 109 2o #Bb 1900 2o 2`x2m;2MX .b GB+?i i`Bzi
Ƀ#2` /2M JQMQ+?`QKiQ` mM/ 2BM a+?HBixbvbi2K m7 /B2 wQM2MTHii2- /B2 /b GB+?i 7Q@
FmbbB2`iX .B2 wQM2MTHii2 #2bi2?i mb M+? mĽ2M ?BM b+?KH2` r2`/2M/2M _BM;2M- r2H+?2
#r2+?b2HM/ i`MbT`2Mi mM/ BMi`MbT`2Mi 7Ƀ` r2B+?2 _ƺMi;2Mbi`?H2M bBM/X .B2b2 `i pQM
PTiBF rB`/ 6`2bM2H@GBMb2 ;2MMMiX .B2 "`2Bi2 /2b  mĽ2`bi2M _BM;2b #2biBKKi /B2 :`ƺĽ2
/2b 6QFmbTmMFi2b mM/ /KBi /b ƺ`iHB+?2 m~ƺbmM;bp2`Kƺ;2M (99- 98)X .B2 /`m7 7QH;2M@
/2 Pa UP`/2` a2T`iBQM T2`im`2V- /B2 r2MB;2 100μK #biM/ xm` S`Q#2MQ#2`~ +?2
j3
jXj _ƺMi;2M/B+?`QBbKmb
?i- #2bi2?i mb 2BM2K J2iHHTH ii+?2M KBi 2BM2` ƹzMmM; pQM 500μKX 6Ƀ` /B2 J2bbmM;
/2b S`Q#2Mbi`QKb Uh1u@JQ/mbV rB`/ /B2b2 m7 2BM2 aTMMmM; pQM +100o ;2;2MɃ#2`
/2` S`Q#2 ;2H2;iX .m`+? /B2 #bQ`TiBQM /2` xB`FmH` TQH`BbB2`i2M _ƺMi;2Mbi`?HmM; r2`@
/2M m;2`2H2Fi`QM2M 2KBiiB2`i- /B2 /xm 7Ƀ?`2M- /bb 2BM S`Q#2Mbi`QK K2bb#` BbiX .B2b2`
J2bbKQ/mb Bbi /?2` b2?` Q#2`~ +?2Mb2MbBiBp- / /B2b2 1H2Fi`QM2M mb /2M 2`bi2M 10 MK
/2` S`Q#2 2KBiiB2`iX 6Ƀ` /B2 J2bbmM; BM h`MbKBbbBQM Kmbb- rB2 BM ##BH/mM; jXRy ;2x2B;i-
2BM .2i2FiQ` ?BMi2` /2` S`Q#2 M;2#`+?i r2`/2MX Hb .2i2FiQ` rB`/ 2BM2 GrBM2MT?Q@
iQ/BQ/2 UpHM+?2 S?QiQ/BQ/2fS.V p2`r2M/2iX aiM/`/ 500μK am#bi`i2 bBM/ 7Ƀ`
r2B+?2 _ƺMi;2Mbi`?H2M MB+?i i`MbT`2MiX .2b?H# Kmbb 7Ƀ` h`MbKBbbBQMbK2bbmM;2M /B2
S`Q#2 ;2/ɃMMi r2`/2MX .B2b #2/2mi2i 2BM2M 2`?ƺ?i2M m7rM/ BM /2` S`Q#2MT` T`iBQMX
:2Mm2` rB`/ /B2 S`Q#2MT` T`iBQM BM #b+?MBii 9Xj #2b+?`B2#2MX
jXjXj >2HBmK E`vQbii
JBi /2K xmM +?bi p2`r2M/2i2M aiB+FbiQz@E`vQbii2M rm`/2 2BM2 "bBbi2KT2`im` pQM 80E
2``2B+?iX .B2b2 h2KT2`im` r` 7Ƀ` 2BMF`BbiHHBM2 amT`H2Bi2`T`Q#2M bQrB2 7Ƀ` 2BMB;2 bm@
T`H2Bi2M/2 a+?B+?i2M mb`2B+?2M/X hB272`2 h2KT2`im`2M 2`Kƺ;HB+?2M M/2`2 amT`H2Bi2`
Hb Mm` u"*P Uuii`BmK@"`BmK@EmT72`QtB/V rB2 xmK "2BbTB2H 1Bb2M`b2MB/2 Q/2` J@
;M2bBmK/B#Q`B/ xm mMi2`bm+?2MX "2B /2` EQMbi`mFiBQM /2b E`vQbii2M Kmbbi2M x?H`2B+?2
##BH/mM; jXRR, *.@_2M/2` /2` /`2B o2`bBQM2M /2b >2HBmK@E`vQbii2MX
1BM~mbb7FiQ`2M #2`Ƀ+FbB+?iB;i r2`/2MX >B2`7Ƀ` Kmbb /2` E`vQbii BM /2M pQ`?M/2M2M
.`2?T`Q#2M?Hi2` Tbb2M mM/ /`7 MB+?i BM i?2`KBb+?2M EQMiFi KBi M/2`2M h2BH2M /2b
JBF`QbFQTb FQKK2MX 6Ƀ` /B2 J2bbmM; /2` BM@THM2 #2xB2?mM;br2Bb2 Qmi@Q7@THM2 J;M2@
jN
ETBi2H j J2bbK2i?Q/2M
iBbB2`mM; Bbi /B2b2` .`2?T`Q#2M?Hi2` 2bb2MiB2HHX mb /B2b2K :`mM/ rm`/2 /2` E`vQbii bQ
FQMxBTB2`i- /bb /B2 S`Q#2 BM /2` .`2?+?b2 /2b .`2?T`Q#2M?Hi2`b bBixi- /KBi /B2 J2bb@
TQbBiBQM #2BK q2+?b2H pQM 0ê m7 30ê bB+? MB+?i p2` M/2`iX
.B2 >2Bxb+?H2B72 7Ƀ` /B2 h2KT2`im``2;2HmM; Kmbb KBM/2bi2Mb 1 +K pQM /2` S`Q#2MTQbBiBQM
2Mi72`Mi b2BM- mK K;M2iBb+?2 ai`2m72H/2` mbxmb+?HB2Ľ2MX . 2b bB+? mK 2BM _bi2``ƺMi@
;2MKBF`QbFQT ?M/2Hi- Kmbb /B2 i?2`KBb+?2 M#BM/mM; M /2M q `K2imb+?2` ~2tB#2H
;2Hƺbi r2`/2M- /KBi "2r2;mM;2M BM /B2 /`2B _mK`B+?imM;2M t-v mM/ x ;2r ?`H2Bbi2i
bBM/X ##BH/mM; jXRR x2B;i /B2 p2`b+?B2/2M2M o2`bBQM2M /2b >2HBmKF`vQbii2M #Bb xm` 1M/@
7bbmM; o2`bBQM 3X o2`bBQM 1 r` /2` 2`bi2 S`QiQivT mM/ /B2Mi2 Hb h2biFƺ`T2` 7Ƀ` /B2
p2`r2M/2i2 i?2`KBb+?2 M#BM/mM; Ƀ#2` EmT72`/` ?i2X o2`bBQM 2 /2b E`vQbii2M rm`/2
/`biBb+? BK :2rB+?i `2/mxB2`i- / /B2 2`bi2 o2`bBQM #2B /2` h2KT2`im``2;mHB2`mM; b2?`
i` ;2 r`X .B2b2` E`vQbii rm`/2 KBi 2BM2` "bBbi2KT2`im` pQM 30E #2i`B2#2MX AM /2`
/`Bii2M o2`bBQM /2b E`vQbii2M rm`/2 /B2 h2KT2`im`M#BM/mM; /m`+? /B2 o2`r2M/mM;
pQM bm2`biQz7`2B2M EmT72`/` ?i2M MQ+?KHb p2`#2bb2`iX .B2 7Ƀ?`i xm 2BM2` "bBbi2KT2@
`im` pQM 20EX q2Bi2`?BM rm`/2 /B2 >2BxmM; BM /2M Q#2`2M h2BH /2b E`vQbii2M p2`H2;i
mM/ /2` Mb+?Hmbb /2` >2BxF#2H ~2tB#2H ;2biHi2iX "2BK >2Bx/`?i ?M/2Hi 2b bB+? mK 2BM
h?2`KQFQtBHF#2H KBi 2BM2K .m`+?K2bb2` pQM 1KKX q2Bi2`?BM rm`/2 m7 /2` _Ƀ+Fb2B@
i2 2BM2 Lmi 7Ƀ` 2BM2M h2KT2`im`b2MbQ` BM /2` L ?2 /2` S`Q#2MTQbBiBQM 2BM;2#`+?iX .B2
h2KT2`im` rB`/ Ƀ#2` 2BM2 aBHBxBmK/BQ/2 /2b hvTb .h@edy /2` 6B`K GF2 a?Q`2 *`vQi`Q@
MB+b #2biBKKi mM/ FMM 2BM2M h2KT2`im`#2`2B+? pQM 2E @ 500E #/2+F2MX .2` E`vQbii
?i /B2 JĽ2 26 x 29KKȷ BK Q#2`2M "2`2B+? mM/ 14 x 64KKȷ BK mMi2`2M "2`2B+?X HH2
E`vQbii2M rm`/2M BM /2` K Jt@SHM+F@AMbiBimi 7Ƀ` AMi2HHB;2Mi2 avbi2K2 pQ`?M/2M2M
72BMK2+?MBb+?2M #i2BHmM; ;272`iB;iX
##BH/mM; jXRk x2B;i /2M E`vQbii2M 2BM;2#mi BK .`2?T`Q#2M?Hi2` /2b JBF`QbFQTbX
.2` E`vQbii rB`/ i?2`KBb+? 2MiFQTT2Hi M 2BM 1KK /B+F2b hBiM#H2+? ;2b+?`m#i mM/
BK .`2?T`Q#2M?Hi2` #272biB;iX _2+?ib BK "BH/ Bbi /2` q `K2imb+?2` xm 2`F2MM2MX 1b
?M/2Hi bB+? ?B2`#2B mK 2BM2M EmT72`#HQ+F mb bm2`biQz7`2B2K EmT72` /m`+? /2M ~ɃbbB;2b
>2HBmK ~B2ĽiX .2` q `K2imb+?2` Bbi xm` a+?rBM;mM;b/ KT7mM; m7 2BM2K #biM/b?H@
i2` mb S11E USQHv2i?2`@1i?2`@E2iQM EmMbibiQzV #272biB;iX >2HBmK rB`/ KBii2Hb 2BM2b
ɂ#2`?2#2`b pQM /2` >2HBmKFMM2 BM /B2 oFmmK/m`+?7Ƀ?`mM; ;2H2Bi2iX m7 /2` mbi`Biib@
b2Bi2 Bbi 2BM o2MiBH M;2#`+?i- /b 2b 2`Kƺ;HB+?i /2M >2HBmK;b~mbb xm` SmKT2 xm `2;2HMX
.2` q `K2imb+?2` Bbi Ƀ#2` EmT72`/` ?i2 mb bm2`biQz7`2B2K EmT72` KBi /2K EɃ?H}M;2`
p2`#mM/2MX aQrQ?H K q `K2imb+?2` Hb m+? K EɃ?H}M;2` bBM/ h?2`KQFQtBHF#2H
mM/ h2KT2`im`b2MbQ`2M M;2#`+?iX .2` .`2?T`Q#2M?Hi2` 2`Kƺ;HB+?i 2b bQrQ?H BM 0ê Hb
m+? BM 30ê xmK ai`?H`Q?` xm K2bb2MX 6Ƀ` /B2 J2bbmM; /2` BM@THM2 J;M2iBbB2`mM; Bbi
9y
jXj _ƺMi;2M/B+?`QBbKmb
##BH/mM; jXRk, E`vQbii KBi q `K2imb+?2` 2BM;2#mi BK .`2?T`Q#2M?Hi2` /2b _ƺMi;2M@
KBF`QbFQTbX
/B2 30ê SQbBiBQM MQir2M/B;X
##BH/mM; jXRj x2B;i 2BM2 L?m7M?K2 /2` S`Q#2MTQbBiBQM BK h`MbKBbbBQMbK2bb#2i`B2#
KBi 2BM;2#mi2K J;M2ibvbi2KX AK Q#2`2M "2`2B+? /2b "BH/2b Bbi /2` .`2?T`Q#2M?H@
i2` xm b2?2MX GBMFb Bbi /B2 >Hi2`mM; /2` Pa xm b2?2MX .b J;M2ibvbi2K #2bi2?i mb
pB2` xvHBM/`Bb+?2M S2`KM2MiK;M2i2MX AM /2` JBii2 /B2b2` Bbi /B2 S`Q#2 TQbBiBQMB2`iX .2`
S`Q#2M?Hi2` #2bi2?i mb 2BM2K 1KK /B+F2M aT?B`?Hi2`- /2` xr2B Ƀ#2`2BMM/2` M;2@
Q`/M2i2 Gƺ+?2` KBi 2BM2K .m`+?K2bb2` pQM 2KK #2bBixiX >BMi2` /2M S`Q#2M- BM 2BM2K
#biM/ pQM 2KK Bbi /2` .2i2FiQ` TQbBiBQMB2`iX AM /2` ;2x2B;i2M MQ`/MmM; Bbi /2` S`Q@
#2M?Hi2` m7 0ê xm` ai`?H+?b2 ;2/`2?iX .b J;M2ibvbi2K 2`Kƺ;HB+?i 2b- 62H/2` pQM
± 275Kh M /2` S`Q#2MTQbBiBQM MxmH2;2MX .2` ?QKQ;2M2 62H/#2`2B+? BMM2`?H# /2b J@
;M2ibvbi2Kb `2B+?i pQM −1KK #Bb xm +1KK BM v@_B+?imM; (9e)X ##BH/mM; jXR9 x2B;i
2BM2M #FɃ?HxvFHmb mM/ 2BM2M m7r `KxvFHmb /2b E`vQbii2MX .2` E`vQbii Bbi M+? mM@
;27 ?` 15 JBMmi2M #2B b2BM2` "bBbi2KT2`im` pQM 20E M;2HM;iX lK rB2/2` m7 _mK@
i2KT2`im` m7xm?2Bx2M /m2`i 2b 30 JBMmi2MX q ?`2M/ 2BM2b #FɃ?HpQ`;M;b p2` M/2`i
bB+? /B2 S`Q#2MTQbBiBQM mK 150μK BM v@_B+?imM;X .B2 h2KT2`im` /2b E`vQbii2M H bbi
bB+? Ƀ#2` 2BM2 G#oB2r ai2m2`bQ7ir`2 BM 2BM2K h2KT2`im`#2`2B+? pQM 20 − 100E Ƀ#2`
/B2 >2Bx/` ?i2 mM/ /2M >2HBmK/m`+?~mbb `2;mHB2`2MX lHi`?Q+?pFmmK Bbi xrBM;2M/ 7Ƀ`
J2bbmM;2M KBi /2K E`vQbii2M MQir2M/B;- mK /B2 EQM/2MbiBQM pQM _2bi;b2M M /2`
S`Q#2 xm p2`?BM/2`MX .b JBF`QbFQT p2`7Ƀ;i Ƀ#2` 2BM2 hm`#QTmKT2- 2BM2 AQM2MTmKT2- 2B@
M2 hBiM@am#HBKiBQMbTmKT2 mM/ /`2B E`vQ7HH2M- r2H+?2 m7 6HɃbbB;biB+FbiQzi2KT2`im`
U77EV ;2FɃ?Hi r2`/2M- mK 2BM2M "bBb/`m+F pQM 3 · 10−8K#` xm 2``2B+?2MX .B2 mb@
9R
ETBi2H j J2bbK2i?Q/2M
##BH/mM; jXRj, L?m7M?K2 /2` S`Q#2MTQbBiBQM BK J;M2ibvbi2K mM/ ai`?H2M;M; /2b
_ƺMi;2MKBF`QbFQTbX
##BH/mM; jXR9, GBMFb, w2B;i 2BM2 #FɃ?HFm`p2 pQM 300E m7 20EX _2+?ib, w2B;i 2BM2M m7@
r `KpQ`;M;X
rB`FmM;2M pQM 1Bbr+?bimK m7 /2` S`Q#2MQ#2`~ +?2 rB`/ BM ETBi2H eXk M?M/ pQM





AK 7QH;2M/2 ETBi2H bQHH /b S`Q#2Mbvbi2K- /B2 S`Q#2M?2`bi2HHmM; mM/ /2`2M o2`7?`2M
/`;2H2;i r2`/2MX .b S`Q#2Mbvbi2K #2bi2?i mb 2BMF`BbiHHBM2K ahP (Ryy) Uai`QMiBmK@
iBiMiV- /`m7 rB`/ KBii2Hb SG. USmHb2/ Gb2` .2TQbBiBQMfGb2`#HiBQMV 2BM2 bmT`H2B@
i2M/2 a+?B+?i mb u"k*mjPd@δ Uu"*P @ uii`BmK "`BmK EmT72`QtB/V #;2b+?B2/2MX m7
/2M amT`H2Bi2` rB`/ KBii2Hb _6@aTmii2`M 2BM2 a+?B+?i *Q9y629y"ky U*Q62" @ EQ#Hi 1Bb2M
"Q`V Q/2` 62kyLB3y USv @ S2`KHHQvV m7;2#`+?iX .B2 S`Q#2M r2`/2M HH2 KBi 2BM2` 2 MK
a+?B+?i HmKBMBmK pQ` PtB/iBQM ;2b+?ɃixiX .b S`Q#2Mbvbi2K rB`/ /m`+? Gb2`T?QiQHB@
i?Q;`T?B2- K2+?MBb+?2b a+?H2B72M mM/ .ɃMM2M KBii2Hb 6A" U6Q+mb2/ AQM "2KV 7Ƀ` /B2
h`MbKBbbBQMbK2bbmM;2M T` T`B2`iX
9XR uii`BmK "`BmK EmT72`QtB/ @ u"k*mjPd@δ
.2` amT`H2Bi2` u"k*mjPd@δ ;2?ƺ`i xm /2` 6KBHB2 /2` QtB/Bb+?2M >Q+?i2KT2`im`bmT`@
H2Bi2`X .B2b2 rm`/2M RN3e /m`+? "2/MQ`x mM/ JɃHH2` 2Mi/2+Fi- r2H+?2 2`biKHb pQM 2BM2`
aT`mM;i2KT2`im` pQM jyE BM "@G@*m@P@avbi2K2M #2`B+?i2i2M (9d)X RN3d rm`/2 pQM
JX qm mM/ JBi`#2Bi2`M (93) uii`BmK "`BmK EmT72`QtB/ KBi 2BM2` aT`mM;i2KT2`im`
pQM 92E 2Mi/2+FiX "Bb /?BM r`2M Mm` amT`H2Bi2` KBi ;2`BM;2`2M aT`mM;i2KT2`im`2M
rB2 L#j:2 Uh+ 4 23EV (9N) #2FMMiX Fim2HH Bbi /B2 6KBHB2 /2` 62S(8y) mM/ 62b(8R)
amT`H2Bi2` pQM r2Bi2K AMi2`2bb2X AM /B2b2M Ji2`BHB2M FQMFm``B2`i 62``QK;M2iBbKmb KBi
amT`H2BimM; BMM2`?H# /2` o2`#BM/mM;2M mM/ 2`ƺzM2i M2m2 1B;2Mb+?7i2M mM/ S? MQK2@
M2X .B2 1B;2Mb+?7i2M pQM u"*P- rB2 b2BM2 ?Q?2 aT`mM;i2KT2`im`- /B2 ?Q?2 F`BiBb+?2
ai`QK/B+?i2 mM/ /b ?Q?2 F`BiBb+?2 62H/ μ0Hc2 (8k- 8j) K+?2M /B2b2M amT`H2Bi2` xm 2BM2K
;22B;M2i2M Ji2`BH 7Ƀ` `ƺMi;2MKBF`QbFQTBb+?2 J2bbmM;2MX
9j
ETBi2H 9 S`Q#2M+?`Fi2`BbB2`mM; mM/ >2`bi2HHmM;
9XRXR amT`H2BimM; BM u"*P
.B2 E`BbiHHbi`mFim` pQM u"*P Bbi BM ##BH/mM; 9XR /`;2bi2HHiX .B2b2 r2Bbi 2BM avb@
i2K pQM EmT72`QtB/@1#2M2M- /B2 xrBb+?2M "`BmK mM/ uii`BmK@iQK2M HB2;2M- m7X AM
/B2b2M EmT72`QtB/@1#2M2M }M/2i /B2 amT`H2BimM; biiiX .KBi /B2 wmbKK2Mb2ixmM;
##BH/mM; 9XR, aFBxx2 2BM2` 1BM@
?2Bibx2HH2 pQM u"*PX AM /B2b2`
aFBxx2 bBM/ HH2 am2`biQzTH ix2 #2@
b2ixiX
u"k*mjPd@δ bmT`H2Bi2M/ Bbi- Kmbb /B2 1BM?2Bibx2HH2 /B2b2` EmT72`QtB/@ai`mFim` mK mM;2@
7 ?` kW `?QK#Q2/`Bb+? p2`x2``i b2BM- /KBi /B2b2 2BM2 Q`i?Q`?QK#Bb+?2 :2biHi MMBKKi
(89)X .B2 1BM?2Bibx2HH2 /2` mM/QiB2`i2M mM/ BbQHB2`2M/2M S?b2 pQM u"k*mjPe #2bBixi
2BM2 i2i`;QMH2 ai`mFim`- rQ#2B bB+? /b EmT72`iQK BM /B2b2` Tv`KB/H2M ai`mFim` #2@
}M/2i (88- 8e)X 6Ƀ` /B2 ai`mFim` pQM u"*P bTB2Hi /B2 GQ+?/QiB2`mM; δ- r2H+?2 KBi /2`
am2`biQz/QiB2`mM; t xmbKK2M? M;i- 2BM2 2Mib+?2B/2M/2 _QHH2X 6Ƀ` δ = 1 Bbi /b J@
i2`BH 2H2Fi`Bb+? BbQHB2`2M/X # 2BM2K δ = 0, 6 }M/2i 2BM bi`mFim`2HH2` S?b2MɃ#2`;M;
pQM i2i`;QMH xm Q`i?Q`?QK#Bb+? biii mM/ /KBi BM /B2 bmT`H2Bi2M/2 S?b2X .B2 QTiB@
KH2 .QiB2`mM; pQM u"*P HB2;i #2B δ = 0, 07 mM/ 7Ƀ?`i xm 2BM2` aT`mM;i2KT2`im` pQM
92E (8d- 83)X "2i`+?i2i KM /B2 EmT72`QtB/@ai`mFim`- 2`F2MMi KM /B2 bvKK2i`Bb+?2 M@
Q`/MmM; /2` EmT72`QtB/@1#2M2M xmK uii`BmKjY@AQM mM/ /B2 EmT72`QtB/@E2ii2M xrBb+?2M
/2M "`BmKkY@AQM2MX AM /2` pQHHbi M/B; /QiB2`i2M o`BMi2 u"k*mjPd bBM/ HH2 am2`@
biQzTH ix2 BM /2` EmT72`QtB/@1#2M2 mM/ /2M EmT72`QtB/@E2ii2M #2b2ixiX 1BM Mr+?b2M
pQM δ 7Ƀ?`i /xm- /bb am2`biQziQK2 mb /2` EmT72`QtB/@E2ii2 2Mi72`Mi r2`/2M- r ?@
99
9XR uii`BmK "`BmK EmT72`QtB/ @ u"k*mjPd@δ
`2M/ /B2 EmT72`QtB/@1#2M2 pQHHbi M/B; #2b2ixi #H2B#iX .B2 bi`F2 1H2Fi`QM2;iBpBi i pQM
am2`biQz 7Ƀ?`i xm 2BM2K 1H2Fi`QM2Mi`Mb72` pQM /2M EmT72`QtB/@1#2M2M BM /B2 E2ii2X
.B2b #2/2mi2i rB2/2`mK- /bb 2b BM /2` EmT72`QtB/@1#2M2 xm 2BM2` Mr+?b2M/2M GQ+?/Q@
iB2`mM; FQKKi- r2H+?2 7Ƀ` /B2 bmT`H2Bi2M/2M G/mM;bi` ;2` `2H2pMi Bbi (8N)X AM ##BH/mM;
9Xk V Bbi /b S?b2M/B;`KK /2` am2`biQz/QiB2`mM; pQM u"*P /`;2bi2HHiX (8d)X 6Ƀ` t
;H2B+? 0 72?H2M /B2 am2`biQ{QM2M BM /2M EmT72`QtB/@E2ii2M pQHHbi M/B; mM/ 7Ƀ` x = 1 bBM/
/B2 EmT72`QtB/@E2ii2M pQHHbi M/B; #2b2ixiX 1b bBM/ BM /2K S?b2M/B;`KK xr2B S?b2M@
;`2Mx2M 2BM;2i`;2MX wmK 2BM2M- /B2 xm` i2i`;QMH2M- MiB72``QK;M2iBb+?2M S?b2 U6V-
mMi2`?H# /2` Lû2H@h2KT2`im` pQM +X 500E- BM r2H+?2` /B2 MiB72``QK;M2iBb+?2 P`/@
MmM; pQ`HB2;iX wmK M/2`2M- /B2 S?b2M;`2Mx2 xm` Q`i?Q`?QK#Bb+?2M- bmT`H2Bi2M/2 S?b2
Ua*V- /2`2M aT`mM;i2KT2`im` bi`F pQM /2` am2`biQz/QiB2`mM; #? M;iX
lMi2` "2`Ƀ+FbB+?iB;mM; /2` o2`MF2`mM; pQM 6HmbbHBMB2M FMM /b o2`?Hi2M pQM u"@
*P BM 2BM2K J;M2i72H/ T`HH2H xm` +@+?b2 BM 2BM2K S?b2M/B;`KK /`;2bi2HHi r2`@
/2MX .B2b2b Bbi BM ##BH/mM; 9Xk "V ;2x2B;i UM;2H2?Mi M (ey)VX "2B iB272M h2KT2`im`2M
mM/ MB2/`B;2M J;M2i72H/2`M bBM/ /B2 6HmbbHBMB2M 72bi M o2`MF2`mM;bbi2HH2M ;2#mM/2M
UoQ`i2t@:Hb@S?b2VX AM /B2b2K wmbiM/ bi2?i MB+?i ;2MɃ;2M 1M2`;B2 xm` o2`7Ƀ;mM; Ui?2`@
KBb+? mM/ 2H2Fi`QK;M2iBb+?V- mK /B2b2 pQM /2M o2`MF2`mM;bbi2HH2M xm Hƺb2MX .B2b2 S?b2
Bbi /QKBMB2`i pQM 6HmbbHBMB2Mr2+?b2HrB`FmM;2M r2H+?2 2BM2 MQ`/MmM; BM 2BM2K :Bii2` mM/
/2M M /2M pQ`?M/2M2M o2`MF2`mM;bbi2HH2M #2pQ`xm;2MX "2B bi2B;2M/2M h2KT2`im`2M
bQ`;i /2` 1M2`;B22BMi`; /xm- /bb /b 6HmbbHBMB2M;Bii2` b+?KBHxiX .B2b2 S?b2 rB`/ Hb
oQ`i2t@6HɃbbB;@S?b2 #2x2B+?M2iX L+? (eR) Bbi /b a+?K2Hx2M /2b 6HmbbHBMB2M;Bii2`b p2`@
#mM/2M KBi /2K o2`b+?rBM/2M /2b a+?2`KQ/mHb +ee m7;`mM/ /2` i?2`KBb+?2M 1M2`;B2X
.B2b Kmbb D2/Q+? b2?` F`BiBb+? #2i`+?i2i r2`/2M- / /B2 2HbiBb+?2 EQMbiMi2 +ee Mm` 7Ƀ`
2BM `2;2HK ĽB;2b 6HmbbHBMB2M;Bii2` /2}MB2`i Bbi- mM/ MB+?i 7Ƀ` 2BM2M 6HmbbHBMB2M;`/B2Mi2M
rB2 2` BM /2M ?B2` p2`r2M/2i2M avbi2K2M pQ`HB2;iX .B2b Bbi 2BM biiBbiBb+?2` S`Qx2bb- BM
r2H+?2K /b avbi2K p2`bm+?i BM /2M 2M2`;2iBb+? ;ɃMbiB;2`2M :H2B+?;2rB+?ibxmbiM/ xm
FQKK2M- BM r2H+?2K 2BM2 :H2B+?p2`i2BHmM; /2` 6HmbbHBMB2M pQ`HB2;iX .m`+? /B2 i?2`KBb+?2-
#2xB2?mM;br2Bb2 2H2Fi`QK;M2iBb+?2 1M2`;B2 FƺMM2M bB+? /B2 6HmbbHBMB2M 7`2B #2r2;2MX .B2
A``2p2`bB#BHBi ibHBMB2 i`2MMi /B2b2 xr2B "2`2B+?2X P#2`?H# /B2b2` Bbi /b Ji2`BH MQ+? BK
bmT`H2Bi2M/2M wmbiM/- BM /2K aBMM2- /bb 2b 2BM2M 2M/HB+?2M P`/MmM;bT`K2i2` #2bBixiX
.m`+? /B2 GQ`2MixF`7i #2r2;2M bB+? /B2 6HmbbHBMB2M b2MF`2+?i xm` ai`QK`B+?imM;- rb xm
2BM2K #2/2mi2M/2M 2H2Fi`Bb+?2M qB/2`biM/ 7Ƀ?`iX lMi2`?H# /2` A``2p2`bB#BHBi ibHBMB2 Bbi
/2` 2H2Fi`Bb+?2 qB/2`biM/ /m`+? /b o2`MF2`M /2` 6HmbbHBMB2M MmHHX .B2 A``2p2`bB#BHBi ib@
HBMB2 /2}MB2`i /KBi 2BM2M ɂ#2`;M; pQM 2BM2K B``2p2`bB#H2M avbi2K UoQ`i2t@:Hb@S?b2V
xm 2BM2K `2p2`bB#H2M avbi2K UoQ`i2t@6HɃbbB;@S?b2VX P#2`?H# pQM >+k FQKKi 2b xmK
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ETBi2H 9 S`Q#2M+?`Fi2`BbB2`mM; mM/ >2`bi2HHmM;
##BH/mM; 9Xk, V S?b2M/B;`KK /2` am2`biQz/QiB2`mM; pQM u"*P (8d)X "V a+?2KiBb+?2b
oQ`i2tT?b2M/B;`KK 7Ƀ` u"*P M+? (ey)X
ɂ#2`;M; BM /B2 MQ`KHH2Bi2M/2 S?b2X
h#2HH2 9XR, amT`H2Bi2M/2






L+?/2K /2` 6HH /2b J;M2i72H/2b T`HH2H xm` +@+?b2 #2@
?M/2Hi rm`/2- rB`/ MmM /2` b2MF`2+?i2 6HH #2i`+?i2iX .B2b
#2/2mi2i- /bb /B2 6HmbbHBMB2M T`HH2H xm /2M EmT72`QtB/@
1#2M2M M;2Q`/M2i bBM/X .B2 GQ`2MixF`7i ;`2B7i MmM BM +@
_B+?imM; MX .B2 o2`MF2`mM; /2` 6HmbbHBMB2M Bbi m7 /B2 o2`@
 M/2`mM; /2b P`/MmM;bT`K2i2`b BM +@_B+?imM; xm`Ƀ+Fxm@
7Ƀ?`2MX .2` #biM/ /2` EmT72`QtB/@1#2M2M pQM 4³- Bbi p2`@
;H2B+?#` KBi /2` EQ? `2MxH M;2 ξc = 3³X .B2b 7Ƀ?`i /xm-
/bb /B2 KtBKH2 o2`MF2`mM;bF`7i 2``2B+?i rB`/- r2MM /B2
6HmbbHBMB2M xrBb+?2M /2M EmT72`QtB/@1#2M2M THixB2`i bBM/
(ek)X
m7 /B2 E`BbiHHT`K2i2` mM/ /2`2M mbrB`FmM;2M m7 .272Fibi`mFim`2M bQHH MmM 2BM;2@
;M;2M r2`/2MX .B2 Q`i?Q`?QK#Bb+?2 1BM?2Bibx2HH2 pQM u"*P ?i 2BM2 :`mM/~ +?2 pQM
a = 3, 82³ - b = 3, 89 ³ mM/ BM +@_B+?imM; pQM 11, 68³ (8d)X .B2b 7Ƀ?`i /xm- /bb /B2 bm@
T`H2Bi2M/2M 1B;2Mb+?7i2M 7Ƀ` u"*P MBbQi`QT bBM/X AM h#2HH2 9XR bBM/ /B2 E2MM;`ƺĽ2M
7Ƀ` QTiBKH /QiB2`i2b u"*P m7;2HBbi2i mM/ x2B;2M /B2b2 MBbQi`QTB2 /2miHB+?X .B2 MBbQ@
i`QTB2 /2` bmT`H2Bi2M/2M 1B;2Mb+?7i2M Bbi 2BM :`mM/ /7Ƀ`- /bb pQ`?M/2M2 EQ`M;`2Mx2M
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2BM2M bi`F2M 1BM~mbb m7 /2M amT`bi`QK ?#2M- m7 r2H+?2M BK 6QH;2M/2M 2BM;2;M;2M
rB`/X
EQ`M;`2Mx2M 7Ƀ?`2M xm 2BM2` bi`F HBKBiB2`2M/2M qB`FmM; m7 /2M F`BiBb+?2M ai`QK (j8)XoQ`
HH2K /2` qBMF2H /B2b2` EQ`M;`2Mx2 ?i 2BM2M bB;MB}FMi2M 1BM~mbb (ej- e9)X >B2` bQHH2M Mm`
EH2BMrBMF2HFQ`M;`2Mx2M KBi 2BM2K 62?HQ`B2MiB2`mM;brBMF2H pQM < 10ê #2i`+?i2i r2`/2MX
.B2b2 i`;2M MQ+? ;2Mm; ai`QK- mK /B2b2 KBi J;M2iQQTiBF rB2 m+? _ƺMi;2MKBF`QbFQ@
TB2 ##BH/2M xm FƺMM2MX 1BM2 EQ`M;`2Mx2 7Ƀ?`i xm #r2B+?mM;2M /2b Q`i?Q`?QK#Bb+?2M
:Bii2`b- rb EQMb2[m2Mx2M m7 /B2 ai`QKi`;7 ?B;F2Bi ?i,
Ç 1MiHM; 2BM2` EQ`M;`2Mx2 FQKKi 2b xm aim72Mp2`b2ixmM;2M- r2H+?2 2BM o2`x2``mM;b@
72H/  KBi bB+? #`BM;2MX .B2b2 o2`x2``mM;2M 7Ƀ?`2M /xm- /bb bB+? MQ`KHH2Bi2M/2
:2#B2i2 #BH/2M (e8)X
Ç "2BK q+?bimK pQM u"*P m7 2BM2K #BF`BbiHHBM2M am#bi`i FQKKi 2b xm` "BH@
/mM; pQM E`BbiHHBi2M KBi mMi2`b+?B2/HB+?2M P`B2MiB2`mM;2MX .B2b2 7Ƀ?`2M xm 2BM2K
xmb ixHB+?2M 62?HQ`B2MiB2`mM;brBMF2H pQM #Bb xm ± 4ê (ee)- r2H+?2` /B2 ai`QK/B+?i2
p2``BM;2`iX
Ç #b+?HB2Ľ2M/ bQHH #2i`+?i2i r2`/2M- /bb 2b bB+? #2B u"*P mK 2BM2M /@q2HH2M
amT`H2Bi2` ?M/2HiX .2` 62?HQ`B2MiB2`mM;brBMF2H M /2` EQ`M;`2Mx2 7Ƀ?`i /xm- /bb
P`/MmM;bT`K2i2` KBi mMi2`b+?B2/HB+?2K oQ`x2B+?2M m72BMM/2` i`2z2M (ed)X .B2
MB+?i pQ`?M/2M2 ɂ#2`HTTmM; /2` amT`H2Bi2`r2HH2M7mMFiBQM Ƀ#2` /B2 EQ`M;`2Mx2
?BMr2;- Bbi 2BM r2Bi2`2` :`mM/ 7Ƀ` /B2 /`biBb+?2 _2/mxB2`mM; /2` ai`QK/B+?i2 (ed)X
9XRXk .ɃMM2 a+?B+?i2M
.b pQ`?2`B;2 ETBi2H #2H2m+?i2i2 /B2 1B;2Mb+?7i2M /2b amT`H2Bi2`b u"*PX AM /B2b2K E@
TBi2H bQHH MmM /B2 >2`bi2HHmM; pQM /ɃMM2M bmT`H2Bi2M/2M u"*P@6BHK2M ;2Mm2` #2i`+?i2i
r2`/2MX .B2 ; M;B;bi2 J2i?Q/2 7Ƀ` /B2 >2`bi2HHmM; /B2b2` a+?B+?i2M Bbi /B2 Gb2`#HiBQM
USG. @ SmHb2/ Gb2` .2TQbBiBQMVX ##BH/mM; 9Xj x2B;i b+?2KiBb+? /2M m7#m 2BM2` bQH@
+?2M SG.@MH;2 r2H+?2` #2` /2` xm o2`2BM7+?mM; MB+?i /2K `2H2M m7#m ;H2B+?iX
>B2`#2B rB`/ 2BM Gb2`bi`?H m7 /b h`;2i ;2`B+?i2iX .b h`;2i #2bi2?i mb mM;27 ?`
B/2H /QiB2`i2K- TQHvF`BbiHHBM2M u"*PX .B2 2tFi2 am2`biQz/QiB2`mM; bTB2Hi ?B2` Mm` 2B@
M2 mMi2`;2Q`/M2i2 _QHH2- / /B2 S`Q#2M BK LQ`KH7HH M+? /2K #HiBQMbT`Qx2bb QtB/B2`i
r2`/2MX .b h`;2i Bbi m7 2BM2K `QiB2`#`2M >Hi2` M;2#`+?i- mK 2BM2M ;H2B+?K ĽB@
;2M biƺ+?BQK2i`Bb+?2 #b+?2B/mM; xm ;2r ?`H2Bbi2MX aQrQ?H h`;2i Hb m+? /b am#bi`i
#2}M/2M bB+? BM 2BM2` oFmmKFKK2`X .2` ;2TmHbi2 Gb2`bi`?H i`Bzi b+?` ; /m`+? 2BM
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ETBi2H 9 S`Q#2M+?`Fi2`BbB2`mM; mM/ >2`bi2HHmM;
##BH/mM; 9Xj, aFBxx2 /2` "2b+?B+?imM;bFKK2` 2BM2` SmHb2/ Gb2` .2TQbBiBQM EKK2`X AK
Q#2`2M "2`2B+? Bbi BM #Hm /b h`;2i /`;2bi2HHiX .m`+? /2M 2BM7HH2M/2M Gb2`bi`?H #BH/2i
bB+? mMi2`?H# /2b h`;2ib 2BM2 SHbKF2mH2 mbX .b Ji2`BH b+?2B/2i bB+? m7 /2K /`mMi2`
HB2;2M/2M am#bi`i #X
Zm`x72Mbi2` m7 /b h`;2iX AM /2` _2;2H r2`/2M ?B2`7Ƀ` 1t+BK2`@Gb2` BK mHi`pBQH2i@
i2M q2HH2MH M;2M#2`2B+? p2`r2M/2iX .2` Gb2`bi`?H rB`/ pQM /2K /mMFH2M h`;2i bi`F
#bQ`#B2`i mM/ 2b #BH/2i bB+? 2BM2 SHbKF2mH2 mb- r2H+?2 bB+? #Bb xmK am#bi`i mb@
/2?MiX "2B /2` #b+?2B/mM; KBii2Hb SG. FQKKi 2b xm` "BH/mM; pQM Ǵ/`QTH2ibǴ m7 /2K
am#bi`i- /B2b2 FƺMM2M /m`+? o2`b+?B2#mM; /2` SQbBiBQM /2b h`;2ib xmK am#bi`i+?b2
`2/mxB2`i r2`/2M (e3)X Hb am#bi`i rm`/2 BM /B2b2` `#2Bi mbb+?HB2ĽHB+? ai`QMiBmKiBiMi
URyyV Ua`hBPjV p2`r2M/2iX JBi 2BM2` :Bii2`FQMbiMi2 pQM a = 3, 91³r +?bi u"*P KBi
2BM2` b2?` ;2`BM;2M :Bii2`72?HMTbbmM;X .b am#bi`i rB`/ r ?`2M/ /2b #HiBQMbT`Q@
x2bb2b m7 800 ê* ;2?2Bxi mM/ Mb+?HB2Ľ2M/ BM 1000K#` am2`biQziKQbT? `2 m7 300 ê*
#;2FɃ?HiX hB272`2 .2TQbBiBQMbi2KT2`im`2M 7Ƀ?`2M xm 2BM2K 2`?ƺ?i2K q+?bimK pQM @
+?b2MQ`B2MiB2`i2M Eƺ`M2` (eN)X .B2 .2TQbBiBQMb`i2 #2i` ;i 0, 31³fSmHbX .B2 a+?B+?i2M
r+?b2M 2TBiFiBb+? M+? /2K ai`MbFB@E`biMQp q+?bimK (dy- dR- dk) m7X .B2b 7Ƀ?`i
/xm- /bb 2b BM /2` bmT`H2Bi2M/2M a+?B+?i xm 2BM2` `2HiBp ?Q?2M .272Fi/B+?i2 FQKKi- /
/B2 2BMx2HM2M q+?bimKbBMb2HM xmbKK2Mr+?b2M UEQH2bx2Mx#2`2B+?2V KɃbb2MX a+?`m@
#2Mp2`b2ixmM;2M- r2H+?2 bB+? #2BK E`BbiHHr+?bimK #BH/2M 2`?ƺ?2M /B2 .272Fi/B+?i2 #2B
u"*P a+?B+?i2M r2Bi2` (dj- d9)X 6Ƀ` /B2b2 `#2Bi bBM/ a+?B+?i2M KBi ?Q?2M ai`QK/B+?i2M-
r2H+?2 D2/Q+? i`Qix/2K b2?` ;Hii bBM/- ;2rɃMb+?iX .B2 _mB;F2Bi /2` a+?B+?i ?i /B`2Fi2M
1BM~mbb m7 /b EQ2`xBiBp72H/ /2` K;M2iBb+?2M a2MbQ`b+?B+?i 7Ƀ` /B2 _ƺMi;2MKBF`QbFQ@
TB2K2bbmM;2MX .B2 a+?B+?i/B+F2 /2` p2`r2M/2i2M u"*P@a+?B+?i2M p`BB2`i xrBb+?2M 50 MK
mM/ 250 MKX .B2 ai`QK/B+?i2 /B2b2` a+?B+?i2M #2i` ;i 2ir jc = 2, 5 · 1011 fKk #2B 20E-





6Ƀ` /B2 TTHBFiBQM /2` 72``QK;M2iBb+?2M a+?B+?i2M rm`/2 /B2 a+?B+?i?2`bi2HHmM;bK2i?Q@
/2 AQM2Mbi`?HbTmii2`M p2`r2M/2iX 1b ?M/2Hi bB+? ?B2`#2B mK 2BM So.@o2`7?`2M US?vbB+H
oTQ` .2TQbBiBQMV- #2B /2K /b mb;M;bKi2`BH Uh`;2iV KBii2Hb T?vbBFHBb+?2` 1z2Fi2
Uo2`/KT72M- w2`bi m#2MV BM /B2 :bT?b2 Ƀ#2`7Ƀ?`i rB`/X
AK lMi2`b+?B2/ xm /2M ?2`FƺKKHB+?2M aTmii2`p2`7?`2M rB2 .*@aTmii2`M- >6@aTmii2`M
Q/2` J;M2i`QM@aTmii2`M rB`/ #2BK AQM2Mbi`?HbTmii2`M /b am#bi`i #xrX /b h`;2i
` mKHB+? pQK SHbK ;2i`2MMiX .B2 ` mKHB+?2 h`2MMmM; 7Ƀ?`i /xm- /bb /b am#bi`i
MB+?i /2M ?Q+?2M2`;2iBb+?2M AQM2M mb;2b2ixi BbiX .B2b 2`Kƺ;HB+?i 2BM2M ;2`BM;2`2M :b@
/`m+F K h`;2i mM/ am#bi`i rQ/m`+? 2b xm 2BM2` p2``BM;2`i2M o2`mM`2BMB;mM; /2` a+?B+?@
i2M FQKKi- / r2MB;2` iQK2 /2b AQMBbiBQMb;b2b 2BM;2#mi r2`/2M mM/ /B2 7`2B2 q2;@
H M;2 /2` ;2bTmii2`i2M AQM2M ?ƺ?2` BbiX .B2 /KBi p2`#mM/2M2 ?Q?2 FBM2iBb+?2 1M2`;B2
2`Kƺ;HB+?i 2BM2 ?Q?2 P#2`~ +?2MKQ#BHBi i- r2H+?2 xm /B+?i2`2M- ;Hii2`2M mM/ /272Fi `@
K2`2M a+?B+?i2M 7Ƀ?`iX
.b AQMBbiBQMb;b U`;QMV rB`/ BM 2BM2K ?Q+?7`2[m2Mi2M q2+?b2H72H/ /m`+? 2BM2 _6@
Zm2HH2 2`x2m;iX .B2 `;QMBQM2M mM/ /B2 1H2Fi`QM2M 7QH;2M BM 2Mi;2;2M;2b2ixi2` _B+?imM;
/2K q2+?b2H72H/X "2B ?ƺ?2`2M 6`2[m2Mx2M 7Ƀ?`i /B2 h` ;?2Bi /2` `;QMBQM2M /xm- /bb
/B2b2 MB+?i K2?` /2K q2+?b2H72H/ 7QH;2M FƺMM2MX :H2B+?x2BiB; FQKKi 2b xm wmbKK2M@
biƺĽ2M xrBb+?2M `;QMiQK2M mM/ 1H2Fi`QM2MX >B2`/m`+? rB`/ /B2 AQMBbiBQMb`i2 2`?ƺ?i-
rb xm 2BM2` 2`?ƺ?i2M aTmii2``i2 7Ƀ?`iX .B2 `;QMBQM2M r2`/2M m7 KBi 2BM2` 1M2`;B2
pQM 1 F2o #2b+?H2mMB;i- rb /xm 7Ƀ?`i- /bb /B2 mb /2K h`;2i ?2`mb;2b+?H;2M2M iQ@
K2 ?Q?2 1M2`;B2M #2bBix2MX .B2b2 ?Q?2M h2BH+?2M2M2`;B2M FƺMM2M xm` "2b+? /B;mM;- #2@
xB2?mM;br2Bb2 2BM2` 1`?ƺ?mM; /2` .272Fi/B+?i2 BK am#bi`i 7Ƀ?`2MX . /2` amT`H2Bi2`-
r2H+?2` ?B2` Hb am#bi`i /B2Mi- 2KT}M/HB+? m7 6`2K/iQKBKTHMiiBQM mM/ 1`r `KmM;
`2;B2`i- KɃbb2M /B2 aTmii2`T`K2i2` bQ`;7 HiB; 2BM;2bi2HHi r2`/2MX
6Ƀ` /b avbi2K u"*Pf*Q62" rm`/2 2BM2 _2/mFiBQM /2` ai`QK/B+?i2 pQM 20W− 30W BK
h2KT2`im`#2`2B+? mMi2`?H# pQM 60E m7 :`mM/ /2b aTmii2`T`Qx2bb2b ;27mM/2M(Rj)X 1b
FMM ?B2` /pQM mb;2;M;2M r2`/2M- /bb /B2b M 2BM2` _2/mFiBQM /2` a+?B+?i/B+F2 /2b
amT`H2Bi2`b /m`+? /2M aTmii2`T`Qx2bb HB2;iX
.B2 ?B2` p2`r2M/2i2 aTmii2`MH;2 UaFBxx2 9X9V #2bi2?i mb xr2B /m`+? 2BM2 a+?H2mb2 ;2@
i`2MMi2 EKK2`MX AM /2` >mTiFKK2` UEKK2` AAV r2`/2M /B2 am#bi`i2 #2b+?B+?i2iX
AM B?` #2}M/2i bB+? 2BM qɃ`72H m7 /2K #Bb xm pB2` Ji2`BHB2M Uh`;2ibV #272biB;i r2`@
/2M FƺMM2MX .B2b2` m7#m 2`Kƺ;HB+?i 2b a+?B+?im7#mi2M KBi #Bb xm pB2` p2`b+?B2/2M2M
9N
ETBi2H 9 S`Q#2M+?`Fi2`BbB2`mM; mM/ >2`bi2HHmM;
##BH/mM; 9X9, a+?2KiBb+?2` m7#m /2` aTmii2`FKK2` UEKK2` AAV
a+?B+?i2M BM mMi2`b+?B2/HB+?bi2M #7QH;2M ?2`xmbi2HH2MX EKK2` A Bbi /B2 h`Mb72`FKK2`-
r2H+?2 /2K 1BM@ mM/ mb#m /2` S`Q#2M /B2MiX
6Ƀ` /B2 "2biBKKmM; /2` a+?B+?i/B+F2 BK m7/KT7T`Qx2bb rB`/ BM /B2b2` MH;2 2BM
a+?rBM;[m`x p2`r2M/2iX .2` a+?rBM;[m`x Bbi BM /2` MH;2 bQ TQbBiBQMB2`i- /bb 2` ;2@
MmbQ B/2H #2b+?B+?i2i rB`/- rB2 /b am#bi`i b2H#biX "2B 2BM2K a+?rBM;[m`x ?M/2Hi 2b
bB+? mK 2BM Zm`xTH ii+?2M- r2H+?2b BM a+?rBM;mM; p2`b2ixi rB`/X .m`+? /b #b+?2B/2M
/2` "2b+?B+?imM;biQK2 m7 /2K SH ii+?2M  M/2`i bB+? /B2 _2bQMMx7`2[m2Mx /2b Zm`x2bX
.B2 a+?B+?i/B+F2 FMM MmM Ƀ#2` /B2 Zm`x/B+?i2- /B2 6`2[m2Mx M/2`mM; mM/ /B2 .B+?i2
/2b #;2b+?B2/2M2M Ji2`BHb #2biBKKi r2`/2MX
AM h#2HH2 9Xk bBM/ /B2 S`K2i2` /2` aTmii2`MH;2 r ?`2M/ /2b aTmii2`T`Qx2bb2b /`;2@
bi2HHiX .2` M;2;2#2M2 .`m+F bi2HHi bB+? M+? /2K 1BMHbb /2b `;QM@:b2b 2BMX .B2 S`Q#2M
r2`/2M KBi 2BM2` 30 MK a+?B+?i M *Q62" mM/ 2BM2` a+?mixb+?B+?i mb 2 MK HmKBMBmK
#2b+?B+?i2iX
9XkXk J;M2iBb+?2 1B;2Mb+?7i2M
.B2 a2MbQ`b+?B+?i2M rm`/2M M+? /2M i2+?MBb+?2M M7Q`/2`mM;2M /2` _ƺMi;2MKBFQbFQTB2@
J2bbmM;2M mb;2r ?HiX .2M bi `Fbi2M sJ*.@1z2Fi HB272`M /B2 72``QK;M2iBb+?2M j/@
ɂ#2`;M;bK2iHH2 *Q- 62 mM/ LBX q2B+?K;M2iBb+?2 G2;B2`mM;2M mb /B2b2M ɂ#2`;M;b@
K2iHH2M Hbb2M bB+? /m`+? /B2 HQFH2 ai2m72H/p2`i2BHmM; /2b amT`H2Bi2`b K;M2iBbB2`2MX
.B2 xr2B p2`r2M/2i2M r2B+?K;M2iBb+?2M G2;B2`mM;2M bBM/ *Q9y629y"ky mM/ S2`KHHQv
8y
9Xk 62``QK;M2iBb+?2 a+?B+?i2M








ULB3y62kyVX "2B/2b bBM/ K2iHHBb+?2- 72``QK;M2iBb+?2 G2;B2`mM; mM/ r2`/2M #2B _mKi2K@
T2`im` Q?M2 2ti2`M2b J;M2i72H/ ;2bTmii2`i mM/ #2bBix2M 2BM2 MBbQi`QTB2 BM /2` 1#2M2
(d8)X .b mb?2Bx2M pQM *Q62" BK 2ti2`M2M J;M2i72H/ 7Ƀ?`i /xm- /bb /B2 MBbQi`QTB2
BM 2BM2 _B+?imM; BMM2`?H# /2` a+?B+?i2#2M2 7Q`+B2`i r2`/2M FMM mM/ mb /2K KQ`T?2M
wmbiM/ BM 2BM2M F`BbiHHBM2M wmbiM/ Ƀ#2`;2?i(de)X 6Ƀ` b2?` /ɃMM2 a+?B+?i2M pQM *Q62"
Q`B2MiB2`i bB+? /B2 J;M2iBbB2`mM; pQM BM /2` a+?B+?i2#2M2 xm b2MF`2+?i xm` a+?B+?i2#2@
M2 mK (dd)X .B2b2` 1z2Fi i`Bii #2B a+?B+?i/B+F2M mMi2`?H# pQM 2 MK m7X a+?B+?i2M KBi
2BM2` a+?B+?i/B+F2 pQM d > 5 MK- rB2 bB2 ?B2` p2`r2M/2i r2`/2M- bBM/ r2B+?K;M2iBb+?
BM /2` 1#2M2 mM/ x2B;2M EQ2`xBiBp72H/bi `F2M pQM 30P2 (d3)X Hi2`MiBp xm *Q62" rB`/
S2`KHHQv LB3y62ky Hb a2MbQ`b+?B+?i p2`r2M/2iX S2`KHHQv x2B+?M2i bB+? //m`+? mb- /bb
2b b2?` r2B+?K;M2iBb+? Bbi mM/ 2BM2 ?Q?2 S2`K2#BHBi i #2bBixi (dN)X "2B/2 Ji2`BHB2M
2B;M2M bB+? 7Ƀ` sJ*.@J2bbmM;2M- / /B2 1M2`;B2M /2` Gk-j@EMi2 pQM 1Bb2M- *Q#Hi mM/
LB+F2H K _ƺMi;2MKBF`QbFQT xm; M;HB+? bBM/X
8R
ETBi2H 9 S`Q#2M+?`Fi2`BbB2`mM; mM/ >2`bi2HHmM;
##BH/mM; 9X8, >vbi2`2b2Fm`p2 2BM2b 62``QK;M2i2MX >B2` rm`/2 Hb "2BbTB2H *Q62" /`;2bi2HHiX
9Xj S`Q#2Mbi`mFim`B2`mM;
6QH;2M/ bQHH /B2 ai`mFim`B2`mM; mM/ S` T`iBQM /2` S`Q#2M 7Ƀ` _ƺMi;2Mi`MbKBbbBQMbK2b@
bmM;2M #2b+?`B2#2M r2`/2MX .2` mb;M;bTmMFi 7Ƀ` /B2 ai`mFim`B2`mM; /2` bmT`H2Bi2M/2M
a+?B+?i bBM/ 2BMF`BbiHHBM2 ahPURyyV@am#bi`i2 KBi 2BM2` 50−250 MK /B+F2M u"*P@a+?B+?i
r2H+?2 KBi 2BM2` 5 MK ahP@.2+Fb+?B+?i p2`b2?2M BbiX 6Ƀ` /B2 o2`r2M/mM; pQM S2`KHHQv
Hb a2MbQ`b+?B+?i Bbi /b 1BM#`BM;2M 2BM2` .BzmbBQMb#``B2`2 2bb2MiB2HH- / xmK 2BM2M /B2
PtB/iBQM /2` S2`KHHQvb+?B+?i mM/ xmK M/2`2M /B2 LB+F2H/BzmbBQM BM /2M u"*P p2`@
?BM/2`i r2`/2M Kmbb(3y)X .B2 S`Qx2bbb+?`Bii2 bQHH2M MmM /2` _2B?2 M+? /`;2H2;i r2`/2MX
9XjXR S?QiQHBi?Q;`T?B2
.B2 ai`mFim`B2`mM; /2` S`Q#2M rm`/2 KBii2Hb S?QiQHBi?Q;`T?B2 /m`+?;27Ƀ?`iX .xm rB`/
/b S`Q#2Mbvbi2K KBi 2BM2K S?QiQH+F #2b+?B+?i2iX JBii2Hb 2BM2b aTBM@*Qi2`b FMM /B2
a+?B+?i/B+F2 /2b G+F2 ;2Mm #2biBKKi r2`/2M mM/ HB2;i 7Ƀ` /2M p2`r2M/2i2M G+F #2B
10μK a+?B+?i/B+F2X M /2M G+F bBM/ p2`b+?B2/2Mbi2 M7Q`/2`mM;2M ;2bi2HHiX wmK 2BM2M
Kmbb /b o2`? HiMBb pQM a+?B+?i/B+F2 xm bT2Fip2`? HiMBb /2` ai`mFim` Tbb2M xmK M@
/2`2M Kmbb /2` G+F /B2 xm`Ƀ+F#H2B#2M/2M ai`mFim`2M pQM /2K ixT`Qx2bb b+?Ƀix2MX mb
/B2b2K :`mM/ rm`/2 7Ƀ` /B2 ai`mFim`B2`mM; /2` S`Q#2M ?B2` 2BM L2;iBpH+F p2`r2M/2i-
r2H+?2` xmb ixHB+? MQ+? MQ`;MBb+?2 aBHBFi2 2Mi? HiX ##BH/mM; 9Xe x2B;i b+?2KiBb+? /B2
S`Qx2bbb+?`Bii2 7Ƀ` 2BM2M L2;iBpH+FX >B2`#2B rB`/ BK 2`bi2M a+?`Bii G+F m7 /B2 S`Q#2
8k
9Xj S`Q#2Mbi`mFim`B2`mM;
m7;2#`+?i mM/ BM 1i?MQHiKQbT? `2 7Ƀ` 30 a2FmM/2M #2B 2BM2` JtBKH;2b+?rBM/B;F2Bi
3000 `TK #2H+FiX >B2`mb 2`? Hi KM 2BM2 ;H2B+?K ĽB;2 "2H+FmM; /2` S`Q#2 KBi 2BM2`
G+Fb+?B+?i/B+F2 pQM 10μ K ±0, 5μKX .`m7 7QH;2M/ rB`/ /B2 S`Q#2 7Ƀ` 180 a2FmM/2M #2B
60 ê* mb;2?2Bxi mK Gƺb2KBii2H xm 2Mi72`M2MX .2` G+F rB`/ KBi 2BM2K lo@Gb2` KBi 2BM2`
q2HH2MH M;2 pQM λ = 375 MK #2HB+?i2iX .2` oQ`i2BH M /2` "2HB+?imM; KBii2Hb 2BM2b lo@
Gb2`b HB2;i /`BM- /bb /B2 ai`mFim`2M p`B#2H ;2r ?Hi r2`/2M FƺMM2M mM/ F2BM2 JbF2M
MQir2M/B; BbiX .2` Gb2`TmMFi ?i 2BM2M .m`+?K2bb2` pQM 1μK rQ/m`+? /B2 ai`mFim`;`ƺ@
Ľ2 m7 1μK HBKBiB2`i BbiX .2` #2HB+?i2i2 h2BH /2b G+F2b TQHvK2`BbB2`i pQHHbi M/B; mM/ Bbi
BK 1MirB+FH2` mMHƺbHB+?X .B2b #2/2mi2i- /bb /B2 #2HB+?i2i2M ai`mFim`2M 2`?Hi2M #H2B#2MX
6Ƀ` S`Q#2M- /B2 Mm` mb 2BM2K u"*P@.ɃMM}HK #2bi2?2M- Bbi 2b Kƺ;HB+? /B2b2M KBi FQM@
x2Mi`B2`i2` aHxb m`2 xm  ix2MX .B2 p2`r2M/2i2 ahP@a+?mixb+?B+?i p2`?BM/2`i D2/Q+? /b
+?2KBb+?2 ix2M- r2br2;2M /2` 6BHK KBii2Hb AQM2Mbi`?H ix2M bi`mFim`B2`i rB`/X >B2`#2B
r2`/2M `;QMBQM2M- p2`;H2B+?#` xmK aTmii2`T`Qx2bb BM #b+?MBii 9XkXR- m7 /B2 S`Q#2
#2b+?H2mMB;i mM/ i`;2M /B2 a+?B+?i #X lK /B2 S`Q#2Mi2KT2`im` bQ MB2/`B; rB2 Kƺ;HB+?
xm ?Hi2M- rB`/ /B2b2` S`Qx2bb ;2TmHbi /m`+?;27Ƀ?`iX .B2 aTmii2``i2M HB2;2M 7Ƀ` ahP #2B
7 − 8 ³fKBM mM/ 7Ƀ` u"*P #2B 50 − 60 ³fKBMX P`;MBb+?2 G+F2 ?#2M BM /2` _2;2H
pB2H ?ƺ?2`2 aTmii2``i2M rQ/m`+? /B2 a+?B+?i/B+F2 /2b G+F2b mK 2BM2M 6FiQ` 10 ?ƺ?2`
b2BM Kmbb Hb /2` S`Q#2Mb+?B+?im7#mX .2` `2biHB+?2 G+F rB`/ M+? /2K ixpQ`;M; KBi
/2K 2MibT`2+?2M/2M Gƺb2KBii2H 2Mi72`Mi mM/ 2b rB`/ /B2 K;M2iBb+?2 a2MbQ`b+?B+?i m7
/2` ;2bKi2M S`Q#2 m7;2#`+?iX
9XjXRXR .ɃMMT`Qx2bb 7Ƀ` h`MKBbbBQMbbK2bbmM;2M
6Ƀ` h`MbKBbbBQMbK2bbmM;2M Kmbb /b 2BMF`BbiHHBM2 ahP@am#bi`i m7 2BM2 .B+F2 pQM r2@
MB;2` Hb 1μK ;2/ɃMMi r2`/2MX .xm rB`/ /b 500μK /B+F2 ahP@am#bi`i K2+?MBb+?
THMT`HH2H m7 2BM2 :2bKi/B+F2 pQM 20μK pQ`;2/ɃMMiX Mb+?HB2Ľ2M/ r2`/2M /B2b2 S`Q@
#2M KBi 2BM2K 6Q+mb2/ AQM "2K U6A"V mMi2` o2`r2M/mM; 2BM2b :HHBmKBQM2Mbi`?Hb
M+?;2/ɃMMiX 1b ?M/2Hi bB+? ?B2`#2B mK 2BM 6A" /2` 6B`K Ǵ61AǴ pQK hvT ǴLQp eyy
LMQH#Ǵ- KBi r2H+?2K /b am#bi`i mMi2`?H# /2` u"*P@ai`mFim`2M m7 2BM2 .B+F2 pQM
100−300 MK ;2/ɃMMi rB`/X ##BH/mM; 9Xd x2B;i xr2B _1J@m7M?K2M /2` S`Q#2Mbi`mFim`
M+? /2K .ɃMMmM;bT`Qx2bbX .b HBMF2 "BH/ x2B;i /B2 ai`mFim` mMi2` 0ê xmK 1H2Fi`QM2M@
bi`?H mM/ /b _2+?i2 mMi2` 52êX AM /2` HBMF2M h`MbKBbbBQMbm7M?K2 Bbi /B2 u"*P@
ai`mFim` /mMF2H xm 2`F2MM2MX .B2b2 #2}M/2i bB+? m7 /2` _Ƀ+Fb2Bi2 /2b 62Mbi2`bX .B2 ahP
_2bi/B+F2 #2i` ;i mM;27 ?` 800 MKX .B2 `2+?i2 ##BH/mM; Bbi KBi /2K a2FmM/ `2H2Fi`Q@
M2M/2i2FiQ` m7;2MQKK2MX >B2` Bbi m7 /2` HBMF2M a2Bi2 2BM2 ?2HH2 [m/`iBb+?2 ai`mFim`
xm 2`F2MM2MX 1b ?M/2Hi bB+? #2B /B2b2` ai`mFim` mK /B2 u"*P ai`mFim` m7 /2` _Ƀ+Fb2Bi2X
8j
ETBi2H 9 S`Q#2M+?`Fi2`BbB2`mM; mM/ >2`bi2HHmM;
##BH/mM; 9Xe, .`bi2HHmM; /2b ai`mFim`B2`mM;bT`Qx2bb2b pQK "2H+F2M #Bb xmK .ɃMMmM;b@
b+?`Bii KBi /2K 6A"X
.B2 _2bi/B+F2 /2b ahP ?i bQHHi2 BM 2BM2K .B+F2M#2`2B+? pQM 400@600 MK ;2?Hi2M r2`/2MX
wm /ɃMM2 ahP@a+?B+?i2M M2B;2M /xm- /m`+? /B2 i?2`KBb+?2 "2HbimM; #2BK #FɃ?H2M-
xm `2BĽ2M mM/ bBM/ b+?H2+?i i?2`KBb+? M /b `2biHB+?2 am#bi`i M;2#mM/2MX wmK M/2`2M
FMM /B2 i?2`KBb+?2 "2HbimM; r ?`2M/ /2b .ɃMMmM;bT`Qx2bb2b #2B ;2`BM;2M ahP@.B+F2M
/xm 7Ƀ?`2M- /bb /B2 bmT`H2Bi2M/2 a+?B+?i B``2p2`bB#2H ;2b+? /B;i rB`/X >BM;2;2M Bbi 7Ƀ`
sJ*.@J2bbmM;2M ;2`/2 2BM2 b2?` /ɃMM2 a+?B+?i pQM oQ`i2BH- / /B2b xm 2BM2` ?ƺ?2@
`2M Mx?H M i`MbKBiiB2`i2` S?QiQM2M 7Ƀ?`i- rQ/m`+? /B2 J2bbx2Bi T`Q SBt2H /`biBb+?
p2``BM;2`i r2`/2M FMMX
9XjXk .b S`Q#2Mbvbi2K
6QH;2M/ bQHH2M MmM Fm`x /B2 rB+?iB;bi2M 1B;2Mb+?7i2M /2` p2`r2M/2i2M S`Q#2Mbvbi2K2
/`;2bi2HHi r2`/2MX
6Ƀ` /B2 ##BH/mM; /2` K;M2iBb+?2 6Hmbb/B+?i2p2`i2BHmM; 2BM2b amT`H2Bi2`b BM 2BM2 72`@
`QK;M2iBb+?2 a2MbQ`b+?B+?i Bbi 2b 2bb2MiB2HH- /bb /B2 bmT`H2Bi2M/2 a+?B+?i 2BM2 ?Q?2
ai`QK/B+?i2 i` ;iX .B2b FMM 2``2B+?i r2`/2M /m`+? ?Q?2 a+?B+?i/B+F2M /2` bmT`H2Bi2M/2M
a+?B+?i Q/2` /m`+? iB272`2 h2KT2`im`2MX .b BM /B2b2` `#2Bi p2`r2M/2i2 a+?B+?ibvbi2K
#2bi2?i mb /ɃMM2M u"*P@6BHK2M KBi a+?B+?i/B+F2M pQM 50−250 MK /B2b2 bBM/ m7 ahP@
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9Xj S`Q#2Mbi`mFim`B2`mM;
##BH/mM; 9Xd, _bi2`2H2Fi`QM2Mm7M?K2 /2` _Ƀ+Fb2Bi2 2BM2` ;2/ɃMMi2M u"*P@ai`mFim`X
GBMFb, m7M?K2 mMi2` 0ê xmK 1H2Fi`QM2Mbi`?H BM h`MbKBbbBQMX _2+?ib, m7M?K2 mMi2` 52ê
xmK 1H2Fi`QM2Mbi`?H KBi /2K a2FmM/ `2H2Fi`QM2M/2i2FiQ`X
am#bi`i2 KBi 5x5KKk m7;2#`+?iX .ɃMM2`2 bmT`H2Bi2M/2M a+?B+?i2M ?#2M /2M oQ`i2BH-
/bb /B2b2 2BM2 ;2`BM;2`2 P#2`~ +?2M`mB;F2Bi m7r2Bb2M BK o2`;H2B+? xm /B+F2`2M a+?B+?@
i2MX .B2b2 p2``BM;2`i2 P#2`~ +?2M`mB;F2Bi ?i 2BM2M /B`2Fi2M 1BM~mbb m7 /B2 K;M2iB@
b+?2M 1B;2Mb+?7i2M /2b 72``QK;M2iBb+?2M 6BHK2bX oQ` HH2K rB`/ /m`+? /B2 p2``BM;2`i2
P#2`~ +?2M`mB;F2Bi /b EQ2`xBiBp72H/ /2` K;M2iBb+?2M a+?B+?i p2``BM;2`iX
"2B /2M 72``QK;M2iBb+?2M a+?B+?i2M ?M/2Hi 2b bB+? xmK 2BM2M mK *Q62" U/430 MKV
mM/ xmK M/2`2M mK S2`KHHQv U/450 MKVX .B2b2 #2B/2M Ji2`BHB2M bBM/ MBbQi`QT /B2b
#2/2mi2i- bB2 bBM/ r2B+?K;M2iBb+? BM /2` a+?B+?i2#2M2 mM/ ?`iK;M2iBb+? b2MF`2+?i xm`
a+?B+?i2#2M2X q2Bi2`?BM #2bi2?2M /B2b2 G2;B2`mM;2M mb /2M 1H2K2Mi2M *Q#Hi- 1Bb2M
mM/ LB+F2H r2H+?2 2BM b2?` ;`QĽ2b sJ*.@aB;MH m7r2Bb2MX .B2b2 a+?B+?ibvbi2K2 #`BM@
;2M D2/Q+? m+? L+?i2BH2 KBi bB+?X 1b FMM xm` .BzmbBQM /2` 2BMx2HM2M 1H2K2Mi2 BM /B2
bmT`H2Bi2M/2 a+?B+?i FQKK2M- /B2b rɃ`/2 xm` "22BMi` +?iB;mM; /2` bmT`H2Bi2M/2M 1B@
;2Mb+?7i2M 7Ƀ?`2MX mb /B2b2K :`mM/ rB`/ 2BM2 wrBb+?2Mb+?B+?i mb ahP U/45 MKV m7
/2M amT`H2Bi2` m7;2#`+?iX wmb ixHB+? p2`?BM/2`i /B2b2 wrBb+?2Mb+?B+?i /B2 2H2Fi`Bb+?2
q2+?b2HrB`FmM; xrBb+?2M /2K amT`H2Bi2` mM/ /2K 62``QK;M2i2M (3R)X
.b wB2H /B2b2` J2i?Q/2 Bbi /B2 .`bi2HHmM; /2` K;M2iBb+?2M 6Hmbb/B+?i2p2`i2BHmM; m7
G M;2MbFH2M BK am#KBF`QK2i2`#2`2B+?X mb /B2b2K :`mM/ rB`/ /2` amT`H2Bi2` BM :2Q@
K2i`B2M KBi EMi2MH M;2M FH2BM2` 20μK bi`mFim`B2`iX .B2 K;M2iBb+?2 a2MbQ`b+?B+?i rB`/
2`bi M+? /B2b2K ai`mFim`B2`mM;bT`Qx2bb m7 /2M amT`H2Bi2` m7;2#`+?iX .b FQKTH2ii2
a+?B+?ibvbi2K rB`/ KBi 2BM2` HmKBMBmK/2+Fb+?B+?i p2`b2?2M- mK /B2b2b pQ` PtB/iBQM xm
b+?Ƀix2MX
.B2 oBbmHBbB2`mM;bK2i?Q/2 2`7Q`/2`i 2b- /bb /B2 K;M2iBb+?2 6Hmbb/B+?i2 mM/ /B2 ai`QK@
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ETBi2H 9 S`Q#2M+?`Fi2`BbB2`mM; mM/ >2`bi2HHmM;
/B+?i2 mb`2B+?2M/ ;`QĽ bBM/- mK /B2 72``QK;M2iBb+?2 a2MbQ`b+?B+?i xm K;M2iBbB2`2MX .B2
bmT`H2Bi2M/2M /ɃMM2M a+?B+?i2M #2bBix2M 2BM2 F`BiBb+?2 ai`QK/B+?i2 pQM jc = 4·1011 fKȷ
#2B 20E #2B 2BM2` ɂ#2`;M;bi2KT2`im` pQM 86EX >B2`mb 2`;B#i bB+? 7Ƀ` 2BM2 250 MK /B@
+F2 u"*P@S`Q#2 2BM2 KtBKH2 K;M2iBb+?2 6Hmbb/B+?i2 pQM μ0 ∗H = 200Kh b2MF`2+?i
xm` a+?B+?i mM/ μ0 ∗H = 60Kh BM /2` 1#2M2 #2B 20EX .b EQ2`xBiBp72H/ 7Ƀ` /B2 *Q62"
mM/ S2`KHHQv a+?B+?i2M Bbi bi`F pQM /2` P#2`~ +?2M`mB;F2Bi /2b u"*P@a+?B+?i #? M@





8XR *?`Fi2`BbB2`mM; /2b S`Q#2Mbvbi2Kb
wB2H /2` ?B2` pQ`;2bi2HHi2M 1`;2#MBbb2 Bbi /B2 ##BH/mM; /2b ai`QKi`MbTQ`ib BM bmT`H2B@
i2M/2M a+?B+?i2M m7 FH2BM2M G M;2MbFH2MX .B2b 2`Kƺ;HB+?i /B2 EQ``2HiBQM /2b o2`?Hi2Mb
/2b [mMiBbB2`i2M 6Hmbb2b KBi /2` LMQbi`mFim` mM/ /KBi /B2 A/2MiB}xB2`mM; mM/ PTiBKB2@
`mM; /2b HQFH2M SBMMBM;p2`?Hi2MbX 6Ƀ` /B2b2 EQ``2HiBQM ;B#i 2b p2`b+?B2/2M2 J2i?Q/2M
rB2 _bi2`@>HH@1z2Fi JBF`QbFQTB2- K;M2iBb+?2 _bi2`F`7iKBF`QbFQTB2- GQ`2MixKBF`Q@
bFQTB2 Q/2` m+? /B2 /B+?`QBiBb+?2M J2i?Q/2M rB2 xmK "2BbTB2H J;M2iQQTiBFX
.B2 J;M2iQQTiBF Bbi 2BM mb;2x2B+?M2i2b q2`Fx2m; xm` oBbmHBbB2`mM; /2b K;M2iBb+?2M
6Hmbb2b BM amT`H2Bi2`M- b2B 2b xm` oBbmHBbB2`mM; /2b ai`QKi`MbTQ`ib 2MiHM; pQM EQ`M@
;`2Mx2M (3k)- /2M KF`QbFQTBb+?2M mbrB`FmM;2M pQM MMQbFHB;2M o2`MF2`mM;bbi2HH2M
7Ƀ` 6HmbbHBMB2M (3j) Q/2` xm` "2i`+?imM; pQM S? MQK2M2M rB2 6HmbbHrBM2M (39)X .B2
JM;2iQQTiBF Bbi BM B?`2` P`ibm~ƺbmM; bQrB2 BM /2` .`bi2HHmM; /2` JBF`Qbi`mFim` #2@
b+?` MFiX
mb /B2b2K :`mM/ rm`/2 2BM q2; ;2bm+?i- mK /B2 P`ibm~ƺbmM; xm p2`#2bb2`MX >B2`7Ƀ`
rm`/2 /B2b2 J2i?Q/2 2`7QH;`2B+? BM /2M _ƺMi;2M#2`2B+? i`Mb72`B2`i (jj)- D2/Q+? KBi SQ@
i2MiBH 7Ƀ` i2+?MBb+?2 1`r2Bi2`mM;2MX Hb 1`bi2b bQHH ?B2` MmM /B2 AMi2`FiBQM /2` M2m2M
72``QK;M2iBb+?2M a2MbQ`b+?B+?i KBi /2K amT`H2Bi2` #2i`+?i2i r2`/2MX >B2`m7 7QH;i /B2
"2i`+?imM; 2BM2` .272Fibi`mFim`- ?B2` 2BM2 EH2BMrBMF2HFQ`M;`2Mx2 KBi /2` J;M2iQQTiBF
mM/ /`m7 7QH;2M/ KBii2Hb _ƺMi;2MKBF`QbFQTB2X Mb+?HB2Ľ2M/ bQHH2M /B2 1B;2Mb+?7i2M /2`
_ƺMi;2MKBF`QbFQTB2 ;2Mm #2i`+?i2i r2`/2MX
8d
ETBi2H 8 1`;2#MBbb2
##BH/mM; 8XR, GBMFb, 6J U_bi2`F`7iKBF`QbFQTV J2bbmM; 2BM2` 50MK u"*P@a+?B+?i mM/
>vbi2`2b2Fm`p2 /2` S2`KHHQvb+?B+?i /`m7X _2+?ib, 6J J2bbmM; 2BM2` 250MK u"*P@a+?B+?i
mM/ /2` >vbi2`2b2Fm`p2 /2` 2MibT`2+?2M/2M S2`KHHQvb+?B+?iX
8XRXR 1BM~mbb pQM u"*P m7 /B2 a2MbQ`b+?B+?i
S2`KHHQv Bbi 2BM2 2`biKHB; p2`r2M/2i2 K;M2iBb+?2 a+?B+?i 7Ƀ` /B2 ##BH/mM; /2` K@
;M2iBb+?2M 6Hmbbp2`i2BHmM; BM amT`H2Bi2`MX wmpQ` rm`/2 ?B2`7Ƀ` mbb+?HB2ĽHB+? *Q62" p2`@
r2M/2iX lK /B2 1B;MmM; pQM S2`KHHQv 7Ƀ` /B2b2 m7;#2 xm i2bi2M- rm`/2M K;M2iBb+?2
J2bbmM;2M /B2b2` a+?B+?i /m`+?;27Ƀ?`i- bQrB2 /B2 mbrB`FmM;2M /2b a+?B+?iKi2`BHb m7
/2M amT`H2Bi2` #2i`+?i2iX .b q+?bimKbp2`?Hi2M pQM u"*P 7Ƀ?`i /xm- /bb /B2 mb@
rB`FmM; /2` P#2`~ +?2M`mB;F2Bi m7 /2M S2`KHHQv}HK #2i`+?i2i r2`/2M KmbbX
AM ##BH/mM; 8XR bBM/ 7Ƀ` 2BM2 50 MK mM/ 250 MK u"*P@a+?B+?i BK Q#2`2M "2`2B+? _b@
i2`F`7iKBF`QbFQTB2 U6JV J2bbmM;2M /`;2bi2HHiX lMi2`?H# /B2b2` bBM/ /B2 K;M2iB@
b+?2M >vbi2`2b2Fm`p2M /2` BM@THM2 J;M2iBbB2`mM;- /2` m7 /2M S`Q#2M m7;2#`+?i2M
S2`KHHQvb+?B+?i2M- /`;2bi2HHiX .B2 50 MK a+?B+?i ?i 2BM2 ;2`BM;2`2 _mB;F2Bi mM/ FH2B@
M2`2 Eƺ`M2`X >B2` Bbi /2` :`QĽi2BH /2` Eƺ`M2` 50 MK ?Q+?X 6Ƀ` /B2b2 a+?B+?i 2`;B#i bB+?
2BM EQ2`xBiBp72H/ /2` S2`KHHQvb+?B+?i pQM 13P2X AK :2;2Mbix /xm bBM/ /B2 @+?b2M
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8XR *?`Fi2`BbB2`mM; /2b S`Q#2Mbvbi2Kb
Q`B2MiB2`i2M Eƺ`M2` BK 6HH /2` 250 MK a+?B+?i- xmK 2BM2M pQM /2` :`mM/~ +?2 /2b EQ`Mb
;`ƺĽ2` mM/ bB2 bBM/ BK .m`+?b+?MBii Ƀ#2` 100 MK ?Q+?X AM /B2b2K 6HH #2Q#+?i2i KM 2BM
2Mib+?2B/2M/ ?ƺ?2`2b EQ2`xBiBp72H/ pQM 25P2X
lK /B2b2M lMi2`b+?B2/ BM /2M EQ2`xBiBp72H/2` mM/ /b SBMMBM; /2` .QK M2Mr M/2 xm
p2`bi2?2M- Kmbb KM u"*P Hb am#bi`i #2i`+?i2MX u"*P r +?bi 2TBiFiBb+? M+? /2K
ai`MbFB@E`biMQp q+?bimK- r2H+?2b /xm 7Ƀ?`i- /bb bB+? bQrQ?H G;2M Hb m+? AMb2HM
#BH/2M r2H+?2 xmbKK2Mr+?b2MX >B2`mb 2`;2#2M bB+? `m2 a+?B+?i2M KBi b2?` ?Q?2M @
+?b2M Q`B2MiB2`i2 Eƺ`M2`X .B2 K;M2iBb+?2 a+?B+?i r +?bi KQ`T? m7 /B2b2` m7- rb /xm
7Ƀ?`i- /bb #2B /2` J2bbmM; 2BM2` J;M2iBbB2`mM;b`B+?imM; 2BM2 o2`i2BHmM; p2`b+?B2/2Mbi2`
EQKTQM2Mi2M ;2K2bb2M rB`/X .b EQ2`xBiBp72H/ rB`/ #2biBKKi /m`+? /B2 .QK M2MrM/@
p2`MF2`mM; M .272Fi2M Q/2` M /2` mMpQHHbi M/B;2M _QiiBQM J;M2iBbB2`mM;X lK MmM
pQM /2` J;M2iQQTiBF xm` K;M2iBb+?2M _ƺMi;2MKBF`QbFQTB2 r2+?b2HM xm FƺMM2M- Bbi 2b
BK 2`bi2M a+?`Bii MQir2M/B;- /B2 K;M2iBb+?2 a2MbQ`b+?B+?i ;2Mm2` xm #2i`+?i2MX 1b bQHH
?B2` /b o2`? HiMBb /2` aB;MHbi `F2M /2b amT`H2Bi2`b xm` 72``QK;M2iBb+?2M a+?B+?i #2@
i`+?i2i r2`/2MX
.B2 2`biKHB;2 o2`r2M/mM; pQM S2`KHHQv Hb a2MbQ`b+?B+?i p2`HM;i- /bb m+? /2` 1BM@
~mbb m7 /B2 bmT`H2Bi2M/2M 6BHK #2i`+?i2i r2`/2M Kmbb- /KBi 2Mib+?B2/2M r2`/2M FMM-
Q# mM/ BM r2H+?2K JĽ /2` amT`H2Bi2` /m`+? /2M 62``QK;M2i2M #22BM~mbbi rB`/X
8XRXk 1BM~mbb /2` a2MbQ`b+?B+?i m7 u"*P
.2` 1BM~mbb /2` S2`KHHQvb+?B+?i m7 /2M amT`H2Bi2` bQHH MmM #2i`+?i2i r2`/2MX qB2 BM
ETBi2H 9Xj M;2b+?MBii2M 7Ƀ?`i /B2 o2`r2M/mM; pQM S2`KHHQv /xm- /bb /B2 bmT`H2Bi2M@
/2 a+?B+?i ;2b+? /B;i #2xB2?mM;br2Bb2 #22BM~mbbi rB`/X m7 /B2b2 mbrB`FmM;2M bQHH MmM
;2Mm2` 2BM;2;M;2M r2`/2MX
AM ##BH/mM; 8Xk Bbi 2BM2 K;M2iQQTiBb+?2 m7M?K2 2BM2` S`Q#2- r2H+?2 KBi pB2` [m@
/`iBb+?2M u"*P@ai`mFim`2M bi`mFim`B2`i Bbi- /`;2bi2HHiX M /2M 1+F2M /2` ai`mFim`2M
bBM/ MQ+? /`2B2+F7ƺ`KB;2 _2bi2 pQM u"*P M+? /2` ai`mFim`B2`mM; xm b2?2MX m7 /B2b2
Zm/`i2 rm`/2M mMi2`b+?B2/HB+?2 a+?B+?i/B+F2M pQM S2`KHHQv m7;2#`+?iX .B2 a+?B+?i@
/B+F2M M2?K2M ;2;2M /2M l?`x2B;2` ?BM pQM 5 MK- 15 MK- 30 MK #Bb 50 MK xmX :2x2B;i Bbi
?B2` 2BM2 :`mr2`i/`bi2HHmM; /2` F`BiBb+?2M ai`QK/B+?i2- rQ#2B ?2HH2` /`;2bi2HHi2 "2`2B@
+?2 ?ƺ?2`2 ai`QK/B+?i2M `2T` b2MiB2`2MX .b Zm/`i- r2H+?2b KBi Mm` 5 MK S2`KHHQv
#2b+?B+?i2i rm`/2- #2bBixi /B2 ?ƺ+?bi2 ai`QK/B+?i2X .B2b2 MBKKi /`biBb+? KBi /2` xmM2?@
K2M/2M a+?B+?i/B+F2 /2b S2`KHHQv}HKb #X
>B2`mb Bbi MxmM2?K2M- /bb /B+F2`2 S2`KHHQvb+?B+?i2M mM/ /KBi 2BM H M;2`2` aTmii2`@
T`Qx2bb bB+? M2;iBp m7 /B2 ai`QK/B+?i2 /2b u"*Pb mbrB`FiX .B2 l`b+?2M ?B2`7Ƀ` bBM/-
8N
ETBi2H 8 1`;2#MBbb2
##BH/mM; 8Xk, :`mr2`i/`bi2HHmM; /2` ai`QK/B+?i2 BM #? M;B;F2Bi /2b  mĽ2`2M J;M2i@
72H/2bX "2biBKKi /m`+? [mMiBiiBp2 K;M2iQQTiBb+?2 JBF`QbFQTB2X >2HH2`2 "2`2B+?2 #2/2mi2M
?ƺ?2`2 ai`QK/B+?i2X
xmK 2BM2M /B2 w2`biƺ`mM; /2` u"*P a+?B+?i /m`+? /2M h2BH+?2M2BMb+?H; mM/ xmK M/2@
`2M- /bb #2B /B+F2`2M a+?B+?i2M /B2 i?2`KBb+?2 "2HbimM; ?ƺ?2` Bbi mM/ /KBi m+? /B2
.BzmbBQMb`i2 pQM LB+F2H BM /2M amT`H2Bi2` #2b+?H2mMB;i rB`/X :2M2`2HH FƺMMi2 KM KBi
/B2b2K 1`;2#MBb 2BM2 5 MK a+?B+?i 7Ƀ` `ƺMi;2M/B+?`QBiBb+?2 J2bbmM;2M p2`r2M/2M- 1`7?@
`mM;br2`i2 x2B;2M D2/Q+?- /bb 7Ƀ` J2bbmM;2M BM 2BM2K x2BiHB+? M;2K2bb2M2M _?K2M 2BM2
bQH+? /ɃMM2 a+?B+?i MB+?i mb`2B+?iX .KBi /B2 u"*P@a+?B+?i pQM /2K h2BH+?2M2BMb+?H;
mM/ /2` .BzmbBQM pQM LB+F2H ;2b+?Ƀixi Bbi- rm`/2 M+?i` ;HB+? /B2 a+?B+?i xmK 2BM2M KBi
2BM2` /ɃMM2M a+?B+?i mb J;P d = 5 MK KBii2Hb aTmii2`M #2b+?B+?i2i Q/2` xmK M/2`2M
BM@bBim 2BM2 5 MK /B+F2M ai`QMiBmKiBiMib+?B+?i KBii2Hb SmHb2/ Gb2` .2TQbBiBQM m7;2@
#`+?iX "2B/2 J2i?Q/2M bQHH2M /B2 LB+F2H/BzmbBQM mM/ /KBi /B2 a+? /B;mM; /2` u"*P@
a+?B+?i p2`?BM/2`MX .B2 "2b+?B+?imM; KBi J;P p2`?BM/2`i MB+?i /B2 "2b+? /B;mM; /2`
u"*P@a+?B+?i /m`+? h2BH+?2M2BMb+?H;X q2Bi2`?BM FMM 2b #2B amT`H2Bi2`f62``QK;M2i
>2i2`Qbi`mFim`2M xmK S`QtBKBiv2z2Fi FQKK2M- r2H+?2` p2`b+?B2/2Mbi2 q2+?b2HrB`FmM@
;2M xm` 6QH;2 ?iX .m`+? /2M 1BMbix 2BM2` wrBb+?2Mb+?B+?i FMM /pQM mb;2;M;2M
r2`/2M- /bb bB+? /B2 _QHH2 /2` q2+?b2HrB`FmM;2M m7 /B2 AMi2`FiBQM /2b ai`2m72H/2b /2b
amT`H2Bi2`b KBi /2` 72``QK;M2iBb+?2M a+?B+?i `2/mxB2`iX
lK /B2 a+?mixrB`FmM; pQM ahP #2xB2?mM;br2Bb2 J;P xm Ƀ#2`T`Ƀ72M- rm`/2 2BM2 .QT@
T2Hb+?B+?i mb u"*P mM/ ahP BM xr2B FH2BM2M "2`2B+?2M KBi S2`KHHQv #2b+?B+?i2iX 1BM
ey
8XR *?`Fi2`BbB2`mM; /2b S`Q#2Mbvbi2Kb
##BH/mM; 8Xj, J;M2iQQTiBF m7M?K2 2BM2` 5x5KKk S`Q#2 2BM2` u"*PfahP@
.QTT2Hb+?B+?i KBi mMi2`b+?B2/HB+?2M a+?B+?i/B+F2M pQM S2`KHHQvX GBMFb, AM /2M xr2B 2BM;2x2B+?@
M2i2M "2`2B+?2M rm`/2M 2BMKH 25MK mM/ 2BMKH 50MK S2`KHHQv m7;2#`+?i mM/ Mb+?HB2Ľ2M/
MQ+?KHb m7 /2` ;2bKi2M S`Q#2 50MKX _2+?ib, B/2MiBb+?2b "BH/ Q?M2 /B2 J`FB2`mM;2MX
"2`2B+? KBi 25 MK 2BM2` M/2`2` KBi 50 MK mM/ Mb+?HB2Ľ2M/ MQ+?KHb /B2 ;2bKi2 S`Q@
#2 KBi 50 MKX AM ##BH/mM; 8Xj Bbi m7 /2` HBMF2M a2Bi2 2BM2 K;M2iQQTiBb+?2 m7M?K2
/B2b2` S`Q#2 xm b2?2M BM r2H+?2` /B2 "2`2B+?2 KBi /2M p2`b+?B2/2M2M a+?B+?i/B+F2M M
S2`KHHQv ;2F2MMx2B+?M2i bBM/X m7 /2` `2+?i2M a2Bi2 Bbi /b B/2MiBb+?2 "BH/ MQ+?KHb
/`;2bi2HHi Q?M2 /B2 J`FB2`mM;2MX 1BM 1BM~mbb /2` S2`KHHQvb+?B+?i m7 /B2 K;M2iBb+?2
6Hmbb/B+?i2p2`i2BHmM; bQHHi2 bB+? Hb M/2`mM; BK :`mr2`i #2K2`F#` K+?2MX 1b Bbi BM
/B2b2` m7M?K2 F2BM2 >2HHB;F2Bib M/2`mM; xm b2?2M- rb x2B;i- /bb /B2 u"*P a+?B+?i
pQM /2` m7;2#`+?i2M S2`KHHQvb+?B+?i MB+?i M2;iBp #22BM~mbbi rB`/X JM }M/2i- /bb
/B2b2 wrBb+?2Mb+?B+?i2M /2M amT`H2Bi2` b+?Ƀix2MX
J;M2iQQTiBb+?2 J2bbmM;2M FƺMM2M /2M o2`Hm7 /2` ai`QK/B+?i2 BM #? M;B;F2Bi /2`
h2KT2`im` 7Ƀ` /B2b2 pB2` a+?B+?i/B+F2M pQM S2`KHHQv +?`Fi2`BbB2`2MX .2` o2`Hm7 /2`
ai`QK/B+?i2 Ƀ#2` /B2 h2KT2`im` Bbi BM ##BH/mM; 8X9 /`;2bi2HHiX .B2 ai`QK/B+?i2 7Ƀ`
/B2 /ɃMMbi2 S2`KHHQvb+?B+?i Bbi Ƀ#2` /2M ;2bKi2M h2KT2`im`#2`2B+? Q#2`?H# /2` /B@
+F2`2M S2`KHHQvb+?B+?i2MX .B2 ;`ɃM2 U30 MKV mM/ `Qi2 U15 MKV Em`p2 p2`Hm72M M?2xm
B/2MiBb+? rQ?BM;2;2M /B2 #Hm2 U50 MKV Em`p2 /B2 MB2/`B;bi2 ai`QK/B+?i2 x2B;iX 1b x2B;i
bB+? /2miHB+?- /bb /B2 ai`QK/B+?i2 KBi xmM2?K2M/2` 62``QK;M2i/B+F2 #MBKKiX .B2 lM@
i2`/`Ƀ+FmM; /2` bmT`H2Bi2M/2M 1B;2Mb+?7i /m`+? 2BM2 2`?ƺ?i2 a+?B+?i/B+F2 /2b 62``QK@
;M2i2M- FMM /m`+? /B2 B/2MiBb+?2 ɂ#2`;M;bi2KT2`im` 7Ƀ` HH2 S2`KHHQvb+?B+?i/B+F2M
mb;2b+?HQbb2M r2`/2M (38)X .KBi FMM /2` 1BMi`; pQM FBM2iBb+?2` 1M2`;B2 /m`+? /2M
aTmii2`T`Qx2bb mb;2b+?HQbb2M r2`/2MX o2`#H2B#2M/2 J2+?MBbK2M bBM/ /B2 Mr2b2M?2Bi
/2b 62``QK;M2i2M Q/2` /B2 ?Q?2 h2KT2`im` #2BK #2bTmii2`M mM/ /KBi /B2 LB+F2H/Bzm@
eR
ETBi2H 8 1`;2#MBbb2
##BH/mM; 8X9, o2`Hm7 /2` ai`QK/B+?i2 /2` Zm/`i2 mb ##BH/mM; 8Xk ;2;2M /B2 h2KT2`im`
m7;2i`;2MX
bBQM BM /2M amT`H2Bi2`X
6Ƀ` /B2 "2i`+?imM; /2` mbrB`FmM;2M /2` 72``QK;M2iBb+?2M a+?B+?i m7 /2M amT`H2Bi2`
rm`/2 BM ##BH/mM; 8X8 /B2 MQ`KB2`i2 .Bz2`2Mx UMQ`KB2`i m7 T = 40EV/2` ai`QK/B+?i2
/2` 1BMx2Hb+?B+?i UMm` u"*PV mM/ /2` ai`QK/B+?i2 /2` .QTT2Hb+?B+?i Uu"*PYSvV Ƀ#2`
/B2 h2KT2`im` 7Ƀ` xr2B S2`KHHQvb+?B+?i/B+F2M m7;2i`;2MX .2M o2`Hm7 /2` Em`p2 H bbi
bB+? BM 3 #xrX 4 "2`2B+?2 U`2+?i2 :`}FV 2BMi2BH2MX . /B2 J2bbTmMFi2 /2` HBMF2M Em`p2
mb /2` J;M2iQQTiBF FQKK2M- FƺMM2M ?B2` Mm` J2bbTmMFi2 #Bb 85E m7;2i`;2M r2`/2M-
q2`i2 Q#2`?H# /B2b2` h2KT2`im` 7HH2M mMi2`?H# /2` .2i2FiBQMbb+?r2HH2 /2` J;M2iQ@
QTiBFX .B2 `2+?i2 :`}F Bbi mb (Rj) 2MiMQKK2MX P#2`?H# pQM h+ Bbi /B2 ai`QK/B+?i2 MmHH
mM/ /b K;M2iBb+?2 aB;MH /2` 72``QK;M2iBb+?2M a+?B+?i #2biBKKi /b aB;MHX 1b Bbi BM
_2;BQM A mM/ AAA /2` Em`p2M 2BM JtBKmK xm 2`F2MM2MX AK "2`2B+? AA Bbi /B2 .Bz2`2Mx
MmHH #2xB2?mM;br2Bb2 BK HBMF2M 6HH M2;iBp- /B2 bmT`H2Bi2M/2 1B;2Mb+?7i #H2B#i M?2xm
mM#22BM~mbbiX 1b Hbb2M bB+? xr2B r2Bi2`2 _2;BQM2M 2`F2MM2M- 2BM2 mMi2`?H# pQM 35E mM/
2BM2` Q#2`?H# pQM 67E 7Ƀ` /2M S2`KHHQv}HK mM/ mMi2`?H# pQM 15E mM/ Q#2`?H# pQM
55E 7Ƀ` *Q62"X AM /B2b2M "2`2B+?2M Bbi /B2 ai`QK/B+?i2 /m`+? /B2 K;M2iBb+?2 a+?B+?i
2`?ƺ?iX .B2b2 /`2B _2;BQM2M BK bmT`H2Bi2M/2M h2KT2`im`#2`2B+? 7HH2M mM;27 ?` KBi /2M
mMi2`b+?B2/HB+?2M o2`MF2`mM;bK2+?MBbK2M pQM u"*P xmbKK2M (jj)X AK "2`2B+? AA-
/2K KBiiH2`2M h2KT2`im`#2`2B+?- Bbi /B2 o2`MF2`mM; /2` 6HmbbHBMB2M /m`+? /b JtB@
KmK /2` o2`MF2`mM;bF`7i /QKBMB2`iX AK "2`2B+? AAA Bbi 7Ƀ` HH2 Em`p2M 2BM JtBKmK
xm 2`F2MM2M- r2H+?2b /2` K;M2iBb+?2M o2`MF2`mM; /2` 6HmbbHBMB2M xm;2b+?`B2#2M r2`/2M
ek
8XR *?`Fi2`BbB2`mM; /2b S`Q#2Mbvbi2Kb
##BH/mM; 8X8, a+?B+?ibi`QK /2` 1BMx2Hb+?B+?i bm#i`?B2`i pQK a+?B+?ibi`QK /2` .QTT2H@
b+?B+?iX GBMFb, 6Ƀ` 50 mM/ 30MK S2`KHHQvX .i2M mb K;M2iQQTiBb+?2` J2bbmM; _2+?ib, 6Ƀ`
15 mM/ 250MK *Q62" U2MiMQKK2M mb (Rj)VX 1b bBM/ 3 #xrX 4 h2KT2`im`#2`2B+?2 K`FB2`iX
FMMX .B2b2 K;M2iBb+?2 o2`MF2`mM; rB`/ /m`+? /B2 Hi2`H2 o`BiBQM /2` a2H#bi2M2`;B2
2BM2` 6HmbbHBMB2 p2`m`b+?i- r2H+?2 /m`+? 2BM2 BM?QKQ;2M2- 2ti2`M2 J;M2i72H/p2`i2BHmM;
xmbiM/2 FQKKi (3e)X .2` JmHiB@.QK M2MxmbiM/ /2b 62``QK;M2i2M- r2H+?2` bB+? mMi2`@
?H# /2b EQ2`xBiBp72H/2b 2BMbi2HHi- FMM /B2b2b BM?QKQ;2M2 J;M2i72H/p2`i2BHmM; 2`x2m;2M
(3d)X .B2b2 1`FH `mM; Bbi b2?` r?`b+?2BMHB+? 7Ƀ` /B2 pQ`HB2;2M/2M amT`H2Bi2`f62``QK;M2i
>2i2`Qbi`mFim`2M- /2MM /B2b2 J2bbmM;2M ?B2` }M/2M Q?M2 2ti2`M2b J;M2i72H/ biiiX .b
ai`2m72H/ /2b amT`H2Bi2`b MBKKi KBi xmM2?K2M/2` h2KT2`im` # mM/ FQKKi- #2B /2M
h2KT2`im`2M pQM _2;BQM AAA BM /2M "2`2B+? /2b EQ2`xBiBp72H/2b /2b 62``QK;M2i2MX 1b
x2B;i bB+?- /bb 7Ƀ` S2`KHHQv /2` "2`2B+? AAA #2B ?ƺ?2`2M h2KT2`im`2M #2;BMMi Hb 7Ƀ`
*Q62"X .B2 .QK M2M;`ƺĽ2 pQM q2B+?K;M2i2M ? M;i xmK 2BM2M pQM /2` a+?B+?i/B+F2 #
bQrB2 pQK EQ2`xBiBp72H/X 1BM ;2`BM;2`2b EQ2`xBiBp72H/ 7Ƀ?`i xm ;`ƺĽ2`2M .QK M2MX .B2b2
7Ƀ?`2M /xm- /bb /2` h2KT2`im`#2`2B+? # r2H+?2K K;M2iBb+?2b o2`MF2`mM; biii@
}M/2i U_2;BQM AAAV xm ?ƺ?2`2M h2KT2`im`2M p2`b+?Q#2MX .B2b Bbi ?B2` b+?ƺM xm b2?2M-
7Ƀ` S2`KHHQv 7 M;i _2;BQM AAA #2B 67E M mM/ 7Ƀ` *Q62" #2B 53EX .2iBHHB2`i Bbi /B2@
b2 "2i`+?imM; BM (Rj) 2`H mi2`iX 6Ƀ` /B2 BM /B2b2` `#2Bi /m`+?;27Ƀ?`i2M J2bbmM;2M Bbi
;2`/2 /2` h2KT2`im`#2`2B+? mMi2`?H# pQM 70E #Bb ?BM xm 20E BMi2`2bbMiX AM /B2b2K
h2KT2`im`#2`2B+? FMM /pQM mb;2;M;2M r2`/2M- /bb K;M2iBb+?2 o2`MF2`mM; /b
S`Q#2Mbvbi2K Mm` r2MB; #22BM~mbbiX
ej
ETBi2H 8 1`;2#MBbb2
##BH/mM; 8Xe, >vbi2`2b2Fm`p2 2BM2` 100MK /B+F2M u"*P@a+?B+?i #2B kyEX
8XRXj o2`;H2B+? /2` K;M2iBb+?2M JQK2Mi2
AM /B2b2K #b+?MBii bQHH2M /B2 K;M2iBb+?2M aB;MH2 pQM amT`H2Bi2` mM/ 72``QK;M2iB@
b+?2` a+?B+?i ;2Mm2` #2i`+?i2i r2`/2MX .xm bQHH2M ?B2` /B2 K;M2iBb+?2M aB;MH2 /2`
u"*P@a+?B+?i mM/ /2` K;M2iBb+?2M a2MbQ`b+?B+?i- BM /B2b2K 6HH *Q62"- p2`;HB+?2M r2`@
/2MX .B2b2 "2i`+?imM;2M bBM/ 7Ƀ` S2`KHHQv p2`;H2B+?#`X
L2#2M /2M D2r2BHB;2M >vbi2`2b2M Bbi 2BM2 aFBxx2 /2` S`Q#2MQ`B2MiB2`mM; xm` _B+?imM; /2b
2ti2`M2M J;M2i72H/2b #;2#BH/2iX ##BH/mM; 8Xe x2B;i 2BM2 ivTBb+?2 >vbi2`2b2Fm`p2 2BM2`
100 MK /B+F2M u"*P a+?B+?i KBi 2BM2` ?Q?2M .B+?i2 M o2`MF2`mM;bbi2HH2MX .B2b2 Bbi
m7 ahP (Ryy) m7;2#`+?i mM/ m+? b+?QM KBi /2` 72``QK;M2iBb+?2M a2MbQ`b+?B+?i #2b@
Tmii2`iX .b J;M2i72H/ rm`/2 b2MF`2+?i xm` a+?B+?i M;2H2;iX .B2b2 2``2B+?i #2B 20E 2BM
KtBKH2b K;M2iBb+?2b JQK2Mi BM _2KM2Mx pQM 0, 92 2KmX .B2b 2MibT`B+?i 2BM2` ai`QK@
/B+?i2 pQM 0, 44∗1012fKk M+? /2` 6Q`K2H U8XRVX AM /B2b2` 6Q`K2H ~B2Ľi /b K;M2iBb+?2
JQK2Mi K mM/ /B2 mbKĽ2 /2` S`Q#2 2BM KBi .B+F2 /- "`2Bi2  mM/ G M;2 # (33)X lM@
i2`?H# /2` F`BiBb+?2M h2KT2`im` Bbi /b aB;MH /B2b2` .QTT2Hb+?B+?i pQK K;M2iBb+?2M








6Ƀ` /B2 72``QK;M2iBb+?2 a+?B+?i bBM/ bQrQ?H /B2 P`B2MiB2`mM; b2MF`2+?i Hb m+? T`@
HH2H xm` a+?B+?i2#2M2 pQM "2/2mimM;X Hb 2`bi2b bQHH /B2 >vbi2`2b2Fm`p2 b2MF`2+?i xm`
a+?B+?i2#2M2 #2i`+?i2i r2`/2MX .B2b2 Bbi BM ##BH/mM; 8Xd /`;2bi2HHiX *Q62" rB2 m+?
e9
8XR *?`Fi2`BbB2`mM; /2b S`Q#2Mbvbi2Kb
##BH/mM; 8Xd, Pmi@Q7@THM2 Ub2MF`2+?i xm` a+?B+?i2#2M2V >vbi2`2b2Fm`p2 2BM2` 30MK /B+F2M
*Q62"@a+?B+?i #2B _mKi2KT2`im`X
S2`KHHQv bBM/ MBbQi`QTX >B2`#2B Bbi /B2 b+?r2`2 _B+?imM; /B2 Qmi@Q7@THM2 _B+?imM;-
b2MF`2+?i xm` a+?B+?i2#2M2 mM/ /B2 H2B+?i2 _B+?imM; BM /2` 1#2M2 U##BH/mM; 8X3VX .B2
a iiB;mM;bK;M2iBbB2`mM; Bbi 7Ƀ` #2B/2 P`B2MiB2`mM;2M B/2MiBb+?X .b EQ2`xBiBp72H/ BM /2`
BM@THM2 _B+?imM; pQM *Q62" #2i` ;i 35P2X .B2 K;M2iBb+?2M 1B;2Mb+?7i2M pQM S2`KH@
HQv rm`/2M BM #b+?MBii 8XRXR ;2x2B;iX
##BH/mM; 8XN FQK#BMB2`i /B2 /`2B >vbi2`2b2M mb /2M ##BH/mM;2M 8Xe@8X3 BM HQ;`Bi?@
KBb+?2` .`bi2HHmM;X .b aB;MH /2b amT`H2Bi2`b Bbi #2B 20E mK /`2B :`ƺĽ2MQ`/MmM;2M
;`ƺĽ2` Hb /b K;M2iBb+?2 JQK2Mi /2` r2B+?K;M2iBb+?2M a+?B+?iX .B2b x2B;i- /bb /B2
72``QK;M2iBb+?2 a+?B+?i Mm` 2BM2M FH2BM2M 1BM~mbb m7 /2M amT`H2Bi2` ?i (Rj)X
wmbKK2M7bb2M/ H bbi bB+? ?B2` b;2M- /bb /B2 K;M2iBb+?2M 1B;2Mb+?7i2M /2b wr2B@
b+?B+?ibvbi2Kb #2B iB272M h2KT2`im`2M Hb amT`H2Bi2` KBi 2BM2` FH2BM2M K;M2iBb+?2M
aiƺ`mM; #2b+?`B2#2M r2`/2M FMMX J;M2iBb+? ;2b2?2M x2B+?M2i bB+? S2`KHHQv BK lMi2`@
b+?B2/ xm *Q62" //m`+? mb- /bb 2b 2BM MQ+? FH2BM2`2b EQ2`xBiBp72H/ #2bBixiX
e8
ETBi2H 8 1`;2#MBbb2
##BH/mM; 8X3, AM@THM2 UT`HH2H xm` a+?B+?i2#2MV >vbi2`2b2Fm`p2 2BM2` 30MK /B+F2M *Q62"@
a+?B+?i #2B _mKi2KT2`im`X
##BH/mM; 8XN, EQK#BMiBQM /2` /`2B J;M2iBbB2`mM;bp2`H m72 BM HQ;`Bi?KBb+?2` .`bi2HHmM;X
ee
8Xk o2`;H2B+? K;M2iQQTiBb+?2` mM/ asJ 1`;2#MBbb2
8Xk o2`;H2B+? K;M2iQQTiBb+?2` mM/ asJ 1`;2#MBbb2
K "2BbTB2H 2BM2` EQ`M;`2Mx2 rB`/ BK 6QH;2M/2M ;2T`Ƀ7i- Q# /B2 1`;2#MBbb2- /B2 KBi _b@
i2``ƺMi;2MKBF`QbFQTB2 ;2rQMM2M r2`/2M FƺMM2M KBi /2M 1`;2#MBbb2M mb FQKTH2K2Mi `2M
J2bbK2i?Q/2M Ƀ#2`2BMbiBKK2MX JBi /2M BM /2M pQ`?2`B;2M ETBi2HM #2i`+?i2i2M q2+?@
b2HrB`FmM;2M xrBb+?2M /2` a2MbQ`b+?B+?i mM/ /2K amT`H2Bi2` FƺMM2M /B2b2 MmM p2`r2M/2i
r2`/2M- mK 2BM2M .272Fi rB2 2BM2 EQ`M;`2Mx2 xm #2b+?`2B#2MX wm2`bi bQHH /B2b KBi >BH72
/2` J;M2iQQTiBF ;2iM r2`/2M mK 2BM2M mb;M;b@ mM/ _272`2MxTmMFi 7Ƀ` /B2 bT i2`
7QH;2M/2M `ƺMi;2MKBF`QbFQTBb+?2M J2bbmM;2M xm ?#2MX
>B2`7Ƀ` rB`/ xm2`bi 2BMKH /b 1BM/`BM;2M pQM K;M2iBb+?2K 6Hmbb BM 2BM2 #BF`BbiHHBM2
S`Q#2 KBii2Hb J;M2iQQTiBF #2i`+?i2iX Mb+?HB2Ľ2M/ rB`/ /B2b2 ai`mFim` m+? KBii2Hb /2`
K;M2iBb+?2M _ƺMi;2MKBF`QbFQTB2 #2i`+?i2iX >B2`#2B bQHH ;2x2B;i r2`/2M- /bb /B2 1`;2#@
MBbb2 mb /B2b2` M2m2M J2i?Q/2 FQMbBbi2Mi xm` J;M2iQQTiBF bBM/ mM/ 2BM2 1`r2Bi2`mM;
7Ƀ` /B2b2 bBM/X
8XkXR J;M2iQQTiBF
.2` ai`QKi`MbTQ`i BM >Q+?i2KT2`im`bmT`H2Bi2`M rB`/ bi`F pQM EQ`M;`2Mx2M #22BM@
~mbbiX AK 6QH;2M/2M bQHH /2` ai`QKp2`Hm7 M 2BM2` EH2BMrBMF2HFQ`M;`2Mx2 KBi 2BM2K 62?H@
Q`B2MiB2`mM;brBMF2H pQM 5ê xmK 2BM2M KBii2Hb J;M2iQQTiBF mM/ xmK M/2`2M KBi _ƺMi@
;2MKBF`QbFQTB2 ;2Mm #2i`+?i2i r2`/2MX >B2`xm rm`/2M #BF`BbiHHBM2 am#bi`i2 KBi 2BM2K
62?HQ`B2MiB2`mM;brBMF2H pQM 5ê p2`r2M/2iX 1b rm`/2 2BM 62?HQ`B2MiB2`mM;brBMF2H pQM 5ê
;2r ?Hi- / /m`+? /B2b2M MQ+? 2BM mb`2B+?2M/ ;`QĽ2` EQ`M;`2Mx2Mbi`QK ~B2Ľi (e9) mK
/B2b2M KBii2Hb J;M2iQQTiBF pBbmHBbB2`2M xm FƺMM2MX .B2 #2i`+?i2i2M ai`mFim`2M ?#2M
2BM2 EMi2MH M;2 pQM 1KKX .B2 a+?B+?i/B+F2 /2b u"*P #2i` ;i 275 MKX .B2 [m/`iB@
b+?2M ai`mFim`2M bBM/ mMi2` p2`b+?B2/2M2M qBMF2HM pQM 45ê #Bb 90ê xm` EQ`M;`2Mx2 ?BM
M;2Q`/M2iX .B2b2 MQ`/MmM; /2` u"*P ai`mFim`2M m7 /2K #BF`BbiHHBM2M am#bi`i Bbi
BM ##BH/mM; 8XRy bFBxxB2`iX wr2B U mM/ "V /B2b2` ai`mFim`2M r2`/2M MmM xm2`bi KBii2Hb
J;M2iQQTiBF ;2Mm2` #2i`+?i2i #2pQ` /B2b2 m+? KBii2Hb _ƺMi;2MKBF`QbFQTB2 #2i`+?i2i
r2`/2MX
AM ##BH/mM; 8XRR bBM/ xr2B P`B2MiB2`mM;2M /2` EQ`M;`2Mx2 /`;2bi2HHiX wmK 2BM2M /B2 Q#2@
`2M #2B/2M ai`mFim`2M #2B r2H+?2M /B2 EQ`M;`2Mx2 mMi2` 90ê xm` ai`mFim`FMi2 p2`H m7i
mM/ BM /2M mMi2`2M #2B/2M m7M?K2M mMi2` 50ê xm` ai`mFim`FMi2X .B2b2 m7M?K2M
rm`/2M #2B T = 4E m7;2MQKK2MX AM UV mM/ U+V rm`/2 2BM 2ti2`M2b J;M2i72H/ pQM
Hext = 4.5Kh mM/ BM U#V mM/ U/V Hext = 15Kh M;2H2;iX 1b Bbi xm 2`F2MM2M- /bb K@
ed
ETBi2H 8 1`;2#MBbb2
##BH/mM; 8XRy, aFBxx2 /2` MQ`/@
MmM; /2` u"*P@ai`mFim`2M m7 /2`
EQ`M;`2Mx2X
;M2iBb+?2` 6Hmbb xm2`bi M /2` EQ`M;`2Mx2 BM /B2 S`Q#2 2BM/`BM;iX .2` _M/#2`2B+? /2`
ai`mFim` Bbi r2Bi2`?BM ~mbb7`2BX
AK mMi2`2M 6HH- BM r2H+?2K /B2 EQ`M;`2Mx2 mK 60ê xm` ai`mFim`FMi2 ;2/`2?i Bbi- Bbi /B2
1BM/`BM;iB272 ;2`BM;2` p2`;HB+?2M xm` b2MF`2+?i Q`B2MiB2`i2M EQ`M;`2Mx2X q2Bi2`?BM Bbi ?B2`
Mm` K HBMF2M h2BH /2` EQ`M;`2Mx2 6Hmbb 2BM;2/`mM;2MX 6HmbbHBMB2M /B2 M /2` EQ`M;`2Mx2
BM /b Ji2`BH 2BM/`BM;2M KɃbb2M /B2 HQFH2 o2`MF2`mM;bF`7i Ƀ#2`rBM/2MX .B2b2 ;`2B7i
D2/Q+? b2MF`2+?i xm` ai`mFim`FMi2 MX .b o2`MF2`mM;bTQi2MiBH /2` EQ`M;`2Mx2 Bbi D2@
/Q+? bvKK2i`Bb+? mM/ /B2 o2`MF2`mM;bF`7i 2MiHM; /2` EQ`M;`2Mx2 Bbi ;2`BM;2` Hb /2`
b2MF`2+?i2 h2BHX "2B 2BM2` ;2FBTTi2M EQ`M;`2Mx2 rB`Fi Mm` /B2 T`HH2H2 EQKTQM2Mi2 /2`
GQ`2MixF`7i Hb i`2B#2M/2 E`7i rQ/m`+? /B2 1BM/`BM;iB272 `2/mxB2`i BbiX q2Bi2`?BM Bbi /B2
1BM/`BM;iB272 pQM /2` HQFH2M 6Hmbb/B+?i2 #? M;B;X .B2b2 Bbi K ?ƺ+?bi2M BM /2` JBii2
/2` a2Bi2M~ +?2M /2` ai`mFim`2M mM/ p2`b+?rBM/2i xm /2M EMi2M ?BMX >B2`mb `2bmHiB2`i-
/bb M /2` `2+?i2M Q#2`2M 1+F2 F2BM 6Hmbb BM /B2 /B2 S`Q#2 2BM/`BM;iX .B2b Bbi m+? BM
##BH/mM; 8XRR +V xm b2?2MX
AM ##BH/mM; 8XRk Bbi 7Ƀ` /2M 6HH #2B 2BM2K 2ti2`M2M J;M2i72H/ pQM Hext = 15Kh
/B2 ai`QK/B+?i2p2`i2BHmM; /`;2bi2HHiX m7 /2` HBMF2M a2Bi2 Bbi /2` "2i`; /2` ai`QK/B+?i2
/`;2bi2HHi- /B2 `2+?i2 aTHi2 x2B;i /B2 ai`QK/B+?i2FQKTQM2Mi2 b2MF`2+?i xm` EQ`M;`2Mx2X
1b Bbi xm 2`F2MM2M- /bb ?B2` ai`QK 2MiHM; /2` EQ`M;`2Mx2 ~B2Ľi- bQrB2 M /2M EMi2M
/2` ai`mFim`X AM /2M `2+?i2M "BH/2`M Bbi xm b2?2M- /bb 2b xm 2BM2` M/2`mM; /2` ai`QK@
~mbb`B+?imM; BM /2` EQ`M;`2Mx2 FQKKiX 1b Bbi ?B2` m+? xm 2`F2MM2M- /bb 2b 2MiHM;
/2` EQ`M;`2Mx2 xm 2BM2` xB+Fx+F@ai`mFim` /2` ai`QK/B+?i2p2`i2BHmM; FQKKiX .B2b HB2;i
/`M- /bb /B2 K;M2iBb+?2 6Hmbb/B+?i2p2`i2BHmM; 2MiHM; /2` EQ`M;`2Mx2 lM`2;2HK ĽB;@
F2Bi2M x2B;i- r2H+?2 /xm 7Ƀ?`i- /bb /2` ai`QK mK /B2b2 ?2`mK ~B2Ľ2M KmbbX 1b Bbi xm
#2+?i2M- /bb /B2b2 lM`2;2HK ĽB;F2Bi2M BM /2` :`ƺĽ2MQ`/MmM; /2b m~ƺbmM;bp2`Kƺ;2Mb
/2` J;M2iQQTiBF HB2;2MX mb /B2b2K :`mM/ bQHH /2` "2`2B+? /2` EQ`M;`2Mx2 KBii2Hb _ƺMi@
;2MKBF`QbFQTB2 #2i`+?i2i r2`/2MX AK 6QH;2M/2M bQHH MmM /2` ai`QKp2`Hm7 2MiHM; /2`
e3
8Xk o2`;H2B+? K;M2iQQTiBb+?2` mM/ asJ 1`;2#MBbb2
##BH/mM; 8XRR, U@/V ##BH/mM; /2` "x@EQKTQM2Mi2X m7 /2` HBMF2M a2Bi2 Bbi /B2 P`B2MiB2`mM;
/2` EQ`M;`2Mx2 /`;2bi2HHiX
EQ`M;`2Mx2 ;2Mm2` #2i`+?i2i r2`/2MX ##BH/mM; 8XRj x2B;i /2M ai`QK/B+?i2p2`Hm7 2Mi@
HM; /2` EQ`M;`2Mx2 7Ƀ` p2`b+?B2/2M2 2ti2`M2 J;M2i72H/2`X .B2 /m`+?;2xQ;2M2 GBMB2 x2B;i
/2M o2`Hm7 7Ƀ` /B2 60ê Q`B2MiB2`i2 EQ`M;`2Mx2- /B2 ;2bi`B+?2Hi2 GBMB2 /2M /2` 0ê Q`B2MiB2`@
i2MX 6Ƀ` /B2 0ê Q`B2MiB2`i2 EQ`M;`2Mx2 Bbi xm 2`F2MM2M- /bb /B2 ai`QK/B+?i2 H2B+?i #7 HHi
KBi bi2B;2M/2K-  mĽ2`2M J;M2i72H/X "2`2+?M2i KM /b o2`? HiMBb pQM R = JGB,0/JGB,30ê
bQ 2`? Hi KM 2BM2M a iiB;mM;br2`i xrBb+?2M 0, 8 mM/ 0, 9 7Ƀ` MB2/`B;2 62H/2`X .B2b2` q2`i
biBKKi KBi /2` 2z2FiBp2M GQ`2MixF`7i 2MiHM; 2BM2` p2`FBTTi2M EQ`M;`2Mx2 Ƀ#2`2BMX 6Ƀ`
/B2b2 ;BHi +Qb(30ê) = 0, 866X
.`2B 1z2Fi2 FƺMM2M #2BK ai`QKi`MbTQ`i M EQ`M;`2Mx2M 2BM2 _QHH2 bTB2H2MX wmK 2BM2M
/B2 mMi2`/`Ƀ+Fi2 h`MbT`2Mx /B2b2` :`2Mx~ +?2 BM "2xm; m7 /2M S`#`2+?mM;bbi`QK
(Ny)X wmK M/2`2M /b BMi`BMbBb+?2 p2`MF2`M /2` MBbQi`QT2M 6HmbbHBMB2M BM /2` EQ`M;`2M@
x2 (NR) bQrB2 /b 72H/#? M;B;2 o2`MF2`M M #2M+?#`i2M #`BFQbQp 6HmbbHBMB2M r2H+?2
M /2M 6HMF2M /2` EQ`M;`2Mx2 M;2bB2/2Hi bBM/ (Nk)X 6Ƀ` /B2b2M 6HH 2BM2` 5ê EQ`M;`2Mx2
HB2;i /B2 2`?ƺ?i2 ai`QK/B+?i2 M /2` EQ`M;`2Mx2 M /2M bi`mFim`2HH2M 1B;2Mb+?7i2M /B2@
b2`X .B2b2 mMi2`biɃixi2M /b BMi`BMbBb+?2 o2`MF2`M pQM /27Q`KB2`i2M #`BFQbQp@6HmbbHBMB2M
(NR)X "2B iB272M h2KT2`im`2M Bbi /b o2`MF2`M pQM 6HmbbHBMB2M ?mTib +?HB+? /m`+? E2`M@
p2`MF2`mM; ;2;2#2M (3k)X .B2 o2` M/2`mM; /2` F`BiBb+?2M ai`QK/B+?i2 FMM /B`2Fi BM /2M
wmbKK2M?M; KBi /2` :2QK2i`B2 /2` M;`2B72M/2M GQ`2MixF`7i ;2#`+?i r2`/2MX >B2`@
mb 2`;B#i bB+?- /bb /b :H2B+?;2rB+?i xrBb+?2M GQ`2MixF`7i mM/ o2`MF2`mM;bF`7i /2`
#2biBKK2M/2 J2+?MBbKmb 7Ƀ` /2M EQ`M;`2Mx2Mbi`QK BbiX JBi bi2B;2M/2K 62H/ x2B;i bB+?
eN
ETBi2H 8 1`;2#MBbb2
##BH/mM; 8XRk, ai`QK/B+?i2p2`i2BHmM; 7Ƀ` /B2 0ê mM/ 60ê Q`B2MiB2`i2 EQ`M;`2Mx2 #2B 4E mM/
Hext = 15Kh m7 /2` HBMF2M a2Bi2X m7 /2` `2+?i2M a2Bi2 Bbi Mm` /B2 ai`QK/B+?i2FQKTQM2Mi2
b2MF`2+?i xm` EQ`M;`2Mx2 /`;2bi2HHiX o2`ƺz2MiHB+?i BM (3N)X
7Ƀ` /B2 30ê EQ`M;`2Mx2 2BM2 ai2B;2`mM; /2` ai`QK/B+?i2X .B2b HB2;i K LQ`KH2Mp2FiQ` /2`
GQ`2MixF`7i- r2H+?2` /xm 7Ƀ?`i- /bb /B2 6HmbbHBMB2M BM /b #`BFQbQp;Bii2` BM /2` L ?2
/2` EQ`M;`2Mx2 ;2/`Ƀ+Fi r2`/2MX .B2b 7Ƀ?`i xm 2BM2K _2B#mM;bFQ2{xB2Mi2M r2H+?2` 2BM2M
MbiB2; /2` HQFH2M ai`QK/B+?i2 xm` 6QH;2 ?iX AK 6HH2 /2` 0ê EQ`M;`2Mx2 p2``BM;2`i bB+?
/B2 ai`QK/B+?i2- / /B2 Mx?H /2` o2`MF2`mM;bTH ix2 M /2` EQ`M;`2Mx2 2BM2M 2M/HB+?2M
q2`i ?iX
LmM bQHH /B2 EQ`M;`2Mx2- r2H+?2 BM ##BH/mM; 8XRR #V /`;2bi2HHi Bbi- /2iBHHB2`i #2i`+?@
i2i r2`/2MX >B2`7Ƀ` Bbi BM ##BH/mM; 8XR9 /2` "2`2B+? /2` EQ`M;`2Mx2 MQ+?KHb p2`;`ƺĽ2`i
/`;2bi2HHiX 1b Bbi ?B2` xm 2`F2MM2M- /bb 2b 2MiHM; /2` EQ`M;`2Mx2 xm A``2;mH`Bi i2M BM
/2` K;M2iBb+?2M 6Hmbb/B+?i2p2`i2BHmM; FQKKiX .B2b2 A``2;mH`Bi i2M FƺMM2M M bi`mFim@
`2HH2M .272Fi2M 2MiHM; /2` EQ`M;`2Mx2 HB2;2M- M r2H+?2M K;M2iBb+?2` 6Hmbb 2BM7+?2` BM
/B2 S`Q#2 2BM/`BM;iX q2Bi2`?BM FMM /B2 MbKKHmM; pQM 6HmbbHBMB2M M /2` EQ`M;`2Mx2
xm 2BM2` #biQĽmM; /2b J2BbbM2`bi`QKb 7Ƀ?`2M r2H+?2` /MM xm /B2b2M A``2;mH`Bi i2M BM
/B2b2` J;M2iBbB2`mM;bFQKTQM2Mi2 7Ƀ?`iX
8XkXk _bi2``ƺMi;2MKBF`QbFQTB2
L+?/2K BK pQ`?2`B;2M ETBi2H /b K;M2iBb+?2 6Hmbb2BM/`BM;2M KBi K;M2iQQTiBb+?2M
J2i?Q/2M #2i`+?i2i rm`/2- bQHH /B2b MmM 7Ƀ` 2BM2 ?ƺ?2`2 m~ƺbmM; KBi _ƺMi;2MKBF`Q@
dy
8Xk o2`;H2B+? K;M2iQQTiBb+?2` mM/ asJ 1`;2#MBbb2
##BH/mM; 8XRj, JBii2Hr2`i /2` ai`QK/B+?i2 2MiHM; /2` EQ`M;`2Mx2 7Ƀ` bi2B;2M/2b 2ti2`M2b
J;M2i72H/X .2` ai`QKT7/ Bbi BM ##BH/mM; 8XRk KBi b+?r`x2M S72BH2M K`FB2`iX
##BH/mM; 8XR9, J;M2iQQTiBb+?2 .2iBHm7M?K2 /2` Qmi@Q7@THM2 EQKTQM2Mi2 U"xV /2` K@
;M2iBb+?2M 6Hmbb/B+?i2 M /2` EQ`M;`2Mx2 mb ##BH/mM; 8XRR #VX .B2 K;M2iBb+?2 6Hmbb/B+?i2@
p2`i2BHmM; 2MiHM; /2` EQ`M;`2Mx2 Bbi pQM A``2;mH`Bi i2M ;2T` ;iX
bFQTB2 ;2iM r2`/2MX "2B /2M 7QH;2M/2M 1`;2#MBbb2M Bbi xm #2+?i2M- /bb /B2b2 BK oQ`mb
T` T`B2`i rm`/2MX .B2b #2/2mi2i- /B2 S`Q#2 rm`/2 m7 12E #;2FɃ?Hi mM/ 2b rm`/2 2BM
2ti2`M2b J;M2i72H/ pQM 240Kh b2MF`2+?i xm` a+?B+?i2#2M2 M;2H2;iX 1b ?M/2Hi bB+?
?B2`#2B mK 2BM2 275 MK /B+F2 u"*P a+?B+?i KBi 30 MK *Q62"X .B2 _ƺMi;2MKBF`QbFQ@
TB2 m7M?K2M rm`/2M #2B _mKi2KT2`im` /m`+?;27Ƀ?`i- rB2 BM (Nj) ;2x2B;i- bBM/ /B2
BM *Q62" 2BM;2T` ;i2M ai`mFim`2M Ƀ#2` /2M h2KT2`im`#2`2B+? #Bb xm _mKi2KT2`im`
bi#BH mM/ `2HtB2`2M MB+?iX
##BH/mM; 8XR8 x2B;i /B2 K;M2iQQTiBb+?2M m7M?K2M /2` T` T`B2`i2M S`Q#2X .B2 aFBxx2
V x2B;i /B2 P`B2MiB2`mM; /2` ai`mFim` mM/ EQ`M;`2Mx2X AM ##BH/mM; 8XR8 #V Bbi /B2 "w
EQKTQM2Mi2 /2` S`Q#2 BK `2KM2Mi2M wmbiM/ M+? 240Kh /`;2bi2HHiX .B2 xm;2?ƺ`B;2
ai`QK/B+?i2p2`i2BHmM; Bbi BM +V xm b2?2MX AM /2M _ƺMi;2MKBF`QbFQTB2K2bbmM;2M rB`/ /B2
J;M2iBbB2`mM;bFQKTQM2Mi2 BM /2` 1#2M2 ;2K2bb2M- r2H+?2 m+? BM /V /`;2bi2HHi BbiX AM
HH2M "BH/2`M Bbi xm 2`F2MM2M- /bb /2` K;M2iBb+?2 6Hmbb FQKTH2ii BM /B2 S`Q#2 2BM;2@
/`mM;2M BbiX
##BH/mM; 8XRe x2B;i BM V /B2 S`Q#2MQ`B2MiB2`mM; mM/ BM #V MQ+?KHb 2BM2M mbb+?MBii /2b
#2i`+?i2i2M "2`2B+?2b mb ##BH/mM; 8XR8X +V mM/ /V x2B;2M /B2 2`bi2M _ƺMi;2MKBF`QbFQ@
dR
ETBi2H 8 1`;2#MBbb2
##BH/mM; 8XR8, J;M2iQQTiBb+?2 m7M?K2M /2` T` T`B2`i2M u"*P ai`mFim`X V x2B;i /B2
P`B2MiB2`mM; /2` ai`mFim` xm` EQ`M;`2Mx2X #V .`bi2HHmM; /2` K;M2iBb+?2M 6Hmbb/B+?i2p2`i2BHmM;
mb /2` 1#2M2 ?2`mbX +V "2`2+?M2i2 ai`QK/B+?i2p2`i2BHmM;X /V wm;2?ƺ`B;2 6Hmbb/B+?i2p2`i2BHmM;
BM /2` a+?B+?i2#2M2X .2` Q`M;2 7`#2M2 Ebi2M K`FB2`i /B2 ai2HH2M BM ##BH/mM; 8XReX
dk
8Xj 1B;2Mb+?7i2M /2` _ƺMi;2MKBF`QbFQTB2
##BH/mM; 8XRe, V x2B;i /B2 S`Q#2MQ`B2MiB2`mM;X #V mbb+?MBii mb /2K J;M2iQQTiBF#BH/
8XR8X +V _ƺMi;2MKBF`QbFQTB2m7M?K2 /2` ;H2B+?2M SQbBiBQM /2` mĽ2M`mK Bbi KBi 2BM2` r2BĽ2M
a+?iiB2`mM; ;2F2MMx2B+?M2iX /V .B2 S72BH2 x2B;2M /2M ai`QKT7/ xm` o2`Mb+?mHB+?mM;X
TB2m7M?K2M /B2b2` ai`mFim`X wm` #2bb2`2M .`bi2HHmM; rm`/2 BM +V /2` mĽ2M`mK KBi
2BM2K r2BĽ2M a+?H2B2` p2`b2?2MX AM /V Bbi /2` ai`QKT7/ K`FB2`i bQrB2 /B2 S`Q#2MFMi2
mM/ /B2 EQ`M;`2Mx2X AK /B`2Fi2M o2`;H2B+? xm #V Bbi xm 2`F2MM2M- /bb BM /2M _ƺMi;2M@
KBF`QbFQTB2m7M?K2M /B2 J;M2iBbB2`mM;bFQKTQM2Mi2 BM /2` 1#2M2 /`;2bi2HHi rB`/X 1b
#2MƺiB;i ?B2`7Ƀ` F2BM2 "2`2+?MmM; /B2b2` EQKTQM2Mi2 BK :2;2Mbix xm` J;M2iQQTiBFX
.B2b2 1`;2#MBbb2 x2B;2M- /bb bB+? /B2b2 _ƺMi;2MKBF`QbFQTB2K2i?Q/2 2B;M2i mK /B2 K;M2@
iBb+?2 6Hmbb/B+?i2p2`i2BHmM; KBii2Hb 2BM2` a2MbQ`b+?B+?i p2`;H2B+?#` xm` K;M2iQQTiBb+?2M
J2i?Q/2 #xm#BH/2MX
8Xj 1B;2Mb+?7i2M /2` _ƺMi;2MKBF`QbFQTB2
P`ibm~ƺbmM; /2` _ƺMi;2MKBF`QbFQTB2
.b ` mKHB+?2 m~ƺbmM;bp2`Kƺ;2M Bbi 7Ƀ` 2BM #BH/;2#2M/2b o2`7?`2M 2BM2 /2` rB+?iB;bi2M
E2MM;`ƺĽ2MX LQKBM2HH Bbi /b m~ƺbmM;bp2`Kƺ;2M #2B /2` _ƺMi;2MKBF`QbFQTB2 /m`+? /B2
p2`r2M/2i2 wQM2MTHii2 #2b+?` MFiX AM /B2b2K 6HH HB2;i /B2b2b #2B 20 MKX . /B2 6Hmbb@
/B+?i2p2`i2BHmM; D2/Q+? Mm` Ƀ#2` 2BM2 a2MbQ`b+?B+?i /`;2bi2HHi r2`/2M FMM- #2b+?` MF2M
dj
ETBi2H 8 1`;2#MBbb2
/B2 .B+F2 mM/ /2` #biM/ /2` a2MbQ`b+?B+?i xm` S`Q#2 /B2 m~ƺbmM;X lK /B2b2 6FiQ`2M
bQ ;2`BM; rB2 Kƺ;HB+? xm ?Hi2M- rm`/2 /B2 a2MbQ`b+?B+?i /B`2Fi m7 /B2 S`Q#2 m7;2/KT7iX
q2Bi2`?BM HBKBiB2`i2M /B2 K;M2iBb+?2M 1B;2Mb+?7i2M /2` a2MbQ`b+?B+?i /b m~ƺbmM;b@
p2`Kƺ;2MX oQ` HH2K /B2 :`ƺĽ2 /2` .QK M2M mM/ /2` .QK M2MrM/- / /B2b2 :`ƺĽ2M /b
m~ƺbmM;bp2`Kƺ;2M /2` bmT`H2Bi2M/2M ai`mFim`2M HBKBiB2`iX mb /B2b2K :`mM/ bQHH /B2
.QK M2MrM//B+F2 7Ƀ` /B2 #2B/2M a2MbQ`b+?B+?i2M #2i`+?i2i r2`/2MX
6Ƀ` 2BM2 2`bi2 "2biBKKmM; /2` .QK M2MrM//B+F2 BM *Q62" m7 u"*P rm`/2M b+?K2Hx@
i2tim`B2`i2 u"*P S`Q#2M p2`r2M/2iX .B2b2 ?#2M b+?QM #2B h2KT2`im`2M mK 80E 2BM
mb`2B+?2M/ ;`QĽ2b J;M2i72H/- mK /B2 a2MbQ`b+?B+?i BM /2` a+?B+?i2#2M2 xm K;M2iBbB2`2MX
.B2 p2`r2M/2i2 b+?K2Hxi2tim`B2`i2 S`Q#2 ?i 2BM2 .B+F2 /4350μKX AM ##BH/mM; 8XRd bBM/
/`2B m7M?K2M pQM "2`2B+?2M /B2b2` S`Q#2 ;2x2B;i- r2H+?2 BK h1u@JQ/mb m7;2MQKK2M
rQ`/2M bBM/X .B2 a+?B+?i/B+F2 /2` *Q62"@a+?B+?i #2i` ;i 30 MKX .B2 S`Q#2 rm`/2 #2B 83E
T` T`B2`i- BM/2K 2BM 2ti2`M2b J;M2i72H/ pQM μ0Hext = +2, 2Kh mM/ Mb+?HB2Ľ2M/ pQM
μ0Hext = −1, 0Kh b2MF`2+?i xm` a+?B+?i2#2M2 M;2H2;i rm`/2X
1MiHM; /2` `Qi2M J`FB2`mM; BM ##BH/mM; +V rm`/2 /b S`Q}H pQM /V 7Ƀ` /B2 "2biBKKmM;
/2` .QK M2MrM//B+F2 2MiMQKK2MX .B2 "`2Bi2 /2` .QK M2MrM/ rm`/2 Ƀ#2` /B2 NyW
@ RyW@J2i?Q/2 #2biBKKiX 1b rB`/ /B2 .Bz2`2Mx /2` FQMbiMi2M "2`2B+?2 #2`2+?M2i- mM/
/B2 #2B/2M ;2bi`B+?2Hi2M GBMB2M ;2#2M /B2 BK S`Q}H ;2#2M NyW #xrX RyW /B2b2` .Bz2`2Mx
MX >B2`mb 2`;B#i bB+? 7Ƀ` /B2b2 S`Q#2 2BM2 .QK M2MrM//B+F2 pQM d = 129 MKX
.B2b2 .QK M2MrM//B+F2 rm`/2 M 2BM2` 6HmbbfMiB~mbb@:`2Mx2 #2biBKKiX .B2b #2/2mi2i-
/bb bB+? /B2 P`B2MiB2`mM; /2` J;M2iBbB2`mM; mK 180ê  M/2`iX .B2 .QK M2MrM//B+F2 Bbi
bi`F pQM /2` P#2`~ +?2M`mB;F2Bi /2b am#bi`ib #? M;B;X 1b rm`/2M 7Ƀ` /ɃMM2 a+?B+?@
i2M pQM u"*P .QK M2MrM//B+F2M pQM 2ir 100 MK ;27mM/2M (jj)X >B2`#2B rm`/2 /B2
.QK M2MrM//B+F2 M 2BM2` .@GBMB2 /2b amT`H2Bi2`b #2biBKKi- /#2B ?M/2Hi 2b bB+? mK
2BM2 90ê .QKM M2MrM/- rb /B2 ;2`BM;2`2 .B+F2 2`FH `iX q2Bi2`?BM Kmbb BM "2i`+?i ;2@
xQ;2M r2`/2M- /bb #2B /2` "2biBKKmM; 2BM2 SBt2H;`ƺĽ2 pQM 30 MK KBi BM /B2 "2biBKKmM;
2BM~B2ĽiX .B2b 2`;B#i 2BM2M 62?H2` pQM ±30 MKX hvTBb+?2`r2Bb2 r2`/2M 7Ƀ` *Q62"- 7Ƀ` 180ê
.QK M2Mr M/2- .QK M2MrM//B+F2M BM /2` :`ƺĽ2MQ`/MmM; pQM 150 MK (N9) #2b+?`B2#2MX
AM ##BH/mM; 8XR3 Bbi 2BM "BH/ 2BM2` h`MbKBbbBQMbK2bbmM; 2BM2` 50 MK S2`KHHQvb+?B+?i
;2x2B;i- r2H+?2 m7 2BM2M 250 MK /B+F2M u"*P 6BHK ;2bTmii2`i rm`/2X .B2b2 m7M?K2M
?#2M 2BM2 EMi2MH M;2 pQM 7μK #2B 200 TBt2Hk rb 2BM2` SBt2H;`ƺĽ2 pQM 35 MK 2MibT`B+?iX
AK HBMF2M :`T? BM ##BH/mM; 8XR3 Bbi /b S`Q}H Ƀ#2` /B2 r2BĽ2 J`FB2`mM; m7;2i`;2MX
1b 2`;B#i bB+? 2BM2 .QK M2MrM//B+F2 pQM 84 MK r2H+?2 /m`+? /B2 SBt2H;`ƺĽ2 KBi 2BM2K
62?H2` pQM ±35 MK #2?7i2i BbiX 6Ƀ` /ɃMM2`2 S2`KHHQvb+?B+?i2M r2`/2M .QK M2MrM//B@
+F2M pQM 100 MK BM /2` GBi2`im` ;2MMMi (N8- Ne)X .B2 .QK M2MrM//B+F2 pQM S2`KHHQv
d9
8Xj 1B;2Mb+?7i2M /2` _ƺMi;2MKBF`QbFQTB2
##BH/mM; 8XRd, @+V _ƺMi;2MKBF`QbFQTB2m7M?K2M BK h1u@JQ/mb pQM 2BM2` b+?K2Hxi2t@
im`B2`i2M u"*P S`Q#2 #2B _mKi2KT2`im` M+?/2K #2B h483E 2BM Qmi@Q7@THM2 62H/ pQM
+2, 2Kh mM/ /`m7 7QH;2M/ pQM −1, 0Kh M;2H2;i rm`/2X V ɂ#2`bB+?ibb+M /2` .QK M2M@
bi`mFim`X #@+V wQQK m7 /B2 .QK M2X /V S`Q}H Ƀ#2` /B2 `Qi K`FB2`i2 .QK M2X
d8
ETBi2H 8 1`;2#MBbb2
##BH/mM; 8XR3, _ƺMi;2Mi`MbKBbbBQMm7M?K2 2BM2` 250MK u"*P@a+?B+?i #2B 20EX GBMFb,
S`Q}H Ƀ#2` r2BĽ K`FB2`i2 .QK M2MrM/ xm` "2biBKKmM; /2` .QK M2MrM//B+F2X
rm`/2 M /2` SQbBiBQM 2BM2` /@GBMB2 /2b amT`H2Bi2`b #2biBKKiX .B2 .QK M2MrM//B+F2
#2biBKKi KĽ;2#HB+? /B2 Kƺ;HB+?2 P`ibm~ƺbmM; /B2b2` J2i?Q/2X wmbKK2M7bb2M/ rm`@
/2M m7 2BM2` b+?K2Hxi2tim`B2`i2M S`Q#2 KBi 50 MK *Q62" 2BM2 .QK M2MrM//B+F2 pQM





eXR EQ``2HiBQM pQM JBF`Qbi`mFim` mM/ K;M2iBb+?2`
6Hmbb/B+?i2p2`i2BHmM;
L+?/2K MmM BK pQ`?2`B;2M ETBi2H ;2x2B;i rm`/2- /bb /B2 _ƺMi;2MKBF`QbFQTB2 bB+? 2B;@
M2i mK /B2 6Hmbb/B+?i2p2`i2BHmM; BM amT`H2Bi2`M /`xmbi2HH2M- r2`/2M MmM /B2 2BMxB;`iB;2M
oQ`i2BH2 /B2b2` J2i?Q/2 #2i`+?i2iX wm /B2b2M x ?Hi /B2 r2b2MiHB+? p2`#2bb2`i2 P`ibm~ƺ@
bmM;- r2H+?2 b+?QM BM /2M ##BH/mM;2M 8XRd mM/ 8XR3 ;2x2B;i rm`/2X 1BM r2Bi2`2` oQ`i2BH
/B2b2` J2i?Q/2 Bbi /B2 /B`2Fi2 ##BH/mM; /2` P#2`~ +?2Mbi`mFim`- r2H+?2 2b 2`Kƺ;HB+?i
xrBb+?2M /B2b2` mM/ /2M o2`MF2`mM;bbi2HH2M /2` .QK M2M EQ``2HiBQM2M xm xB2?2MX .B2
?B2` ;2x2B;i2M 1`;2#MBbb2 bBM/ BM (Nd) p2`ƺz2MiHB+?iX
:2`/2 /2` h1u@JQ/mb 2B;M2i bB+? 7Ƀ` /B2 ##BH/mM; /2` P#2`~ +?2Mbi`mFim`X AK 6QH@
;2M/2M bQHH2M wmbKK2M? M;2 xrBb+?2M /2` P#2`~ +?2Mbi`mFim` /2b u"*P mM/ /2` .Q@
K M2Mp2`MF2`mM; BM /2` a2MbQ`b+?B+?i m7;2x2B;i r2`/2MX 1b ?M/2Hi bB+? #2B /2` p2`r2M@
/2i2M S`Q#2 mK 2BM2 275 MK /B+F2 u"*P@a+?B+?i KBi 2BM2` 30 MK *Q62" a2MbQ`b+?B+?iX
.B2 J2bbmM;2M rm`/2M M /2` *Q Gj@EMi2 KBi xB`FmH` TQH`BbB2`i2M _ƺMi;2Mbi`?H2M
/m`+?;27Ƀ?`iX mb /2M .Bz2`2Mx#BH/2` UsJ*.V 2`? Hi KM /B`2Fi /B2 K;M2iBb+?2 AM7Q`@
KiBQM (je- 9R)- ?BM;2;2M 2`? Hi KM mb /2` amKK2 /2` "BH/2` Us @ s@`v #bQ`TiBQMV
/B2 bi`mFim`2HH2M AM7Q`KiBQM2MX
##BH/mM; eXR V mM/ #V x2B;2M _Q?#BH/2` KBi M2;iBp2` mM/ TQbBiBp2` xB`FmH`2` SQH`Bb@
iBQMX .B2 amKK2 /2` "BH/2` Bbi BM +V /`;2bi2HHi mM/ /B2 .Bz2`2Mx BM /VX .B2 "BH/2` x2B;2M
2BM2 10μK m7 20μK 6H +?2 /2` amT`H2Bi2`f62``QK;M2i >2i2`Qbi`mFim`X AM +V iB272` ;2@
H2;2M2 "2`2B+?2 /mMF2H /`;2bi2HHi mM/ >ƺ?2M ?2HHX AM /V `2T` b2MiB2`i /2` :`mr2`ip2`Hm7
dd
ETBi2H e L2m2 Jƺ;HB+?F2Bi2M KBii2Hb _ƺMi;2MKBF`QbFQTB2
/B2 J;M2iBbB2`mM;b`B+?imM; /2` a2MbQ`b+?B+?iX
.B2 P#2`~ +?2Mb2MbBiBpBi i /2b h1u@JQ/mb pQM 2 − 5 MK 2`Kƺ;HB+?i 2b- /2iBHHB2`i /B2
P#2`~ +?2Mbi`mFim` #xm#BH/2MX .2` h1u@ai`QK Bbi T`QTQ`iBQMH xmK HQFH2M #bQ`TiB@
QMb[m2`b+?MBii /2b Ji2`BHb r2H+?2` bi`F pQM /2` P#2`~ +?2M#2b+?z2M?2Bi /2` ai`mFim`
#? M;iX 1`?ƺ?mM;2M BM /2` S`Q#2MQ#2`~ +?2 x2B;2M 2BM2` 2`?ƺ?i2M #bQ`TiBQM mM/ /@
KBi 2BM2M ?ƺ?2`2M ai`QK Hb ~+?2 Q/2` iB272` ;2H2;2M2 ai`mFim`2MX >B2`mb 2`;B#i bB+?-
/bb iB272` HB2;2M/2 ai`mFim`2M- rB2 EQH2bx2Mx#2`2B+?2- /mMF2H /`;2bi2HHi r2`/2M mM/
?ƺ?2` HB2;2M/2- rB2 Eƺ`M2`- ?2HHX .B2 "BH/mM; /2` amKK2 /B2b2` xr2B "BH/2` 2`?ƺ?i /2M
bi`mFim`2HH2M EQMi`bi MQ+? r2Bi2`X .B2 ɂ#2`;M;br?`b+?2BMHB+?F2Bi pQK 2p@wmbiM/ xmK
3d@wmbiM/ ? M;i pQM /2` SQH`BbiBQM /2` xB`FmH`2M ai`?HmM; #X >B2`mb `2bmHiB2`i 2BM
;2;2Mb ixHB+?2` EQMi`bi BM /2M #2B/2M P`B;BMH#BH/2`MX .B2 .Bz2`2Mx#BH/mM; 7Ƀ?`i /xm-
/bb /2` bi`mFim`2HH2 EQMi`bi bB+? m7?2#i mM/ /2` K;M2iBb+?2 p2`bi `Fi rB`/X
.B2 K;M2iBb+?2M .QK M2M BM ##BH/mM; eXR /V x2B;2M /B2 K;M2iBb+?2 6Hmbb/B+?i2p2`i2B@
HmM; BK amT`H2Bi2`X .2` /`;2bi2HHi2 wmbiM/ rm`/2 T` T`B2`i- BM/2K #2B 2BM2` h2KT2`@
im` pQM 12E 2BM 2ti2`M2b J;M2i72H/ pQM Hextμ0 = 8, 8Kh b2MF`2+?i xm` a+?B+?iMQ`KH2M
M;2H2;i mM/ rB2/2` `2/mxB2`i rm`/2X mb /2` J;M2iQQTiBF Bbi #2FMMi- /bb /b K;M2@
iBb+?2 ai`2m72H/ /2b amT`H2Bi2`b 2BM2 BM@THM2 EQKTQM2Mi2 pQM 200P2 ?i- r2H+?2 ?B2` mK
2BM2 :`ƺĽ2MQ`/MmM; ;`ƺĽ2` Bbi Hb /b EQ2`xBiBp72H/ /2` *Q62"@a+?B+?i UbB2?2 ##BH/mM;
8X3VX "2B /B2b2K 62H/ Bbi /2` amT`H2Bi2` Mm` T`iB2HH pQM K;M2iBb+?2K 6Hmbb /m`+?/`mM@
;2M- r2br2;2M /B2b2` m7 /2` HBMF2M a2Bi2 /2` ai`mFim`FMi2 BM /B2 S`Q#2 2BM/`BM;iX .2`
K;M2iBb+?2 6Hmbb Bbi BM 6Q`K pQM /mMFH2M .QK M2M BM /V xm 2`F2MM2MX >2HH2 "2`2B+?2 bBM/
MQ+? MB+?i pQM K;M2iBb+?2K 6Hmbb /m`+?/`mM;2MX .B2b2 J2bbmM;2M rm`/2M #2B _mK@
i2KT2`im` /m`+?;27Ƀ?`i- /B2b Bbi Kƺ;HB+?- / /2` `2KM2Mi2 wmbiM/ /2` a2MbQ`b+?B+?i
M?2 /2` a iiB;mM;bK;M2iBbB2`mM; Bbi mM/ /B2 h2KT2`im`#? M;B;F2Bi p2`M+?H bbB;#`
#Bb 300E BbiX .B2 .QK M2Mbi`mFim` #2B iB272M h2KT2`im`2M ;H2B+?i /2` #2B _mKi2KT2@
`im` (Rj)X
AM ##BH/mM; eXk bQHH MmM /2` o2`Hm7 /2b K;M2iBb+?2M 6Hmbb2b ;2Mm2` BM "2xB2?mM;
xm` P#2`~ +?2Mbi`mFim` ;2#`+?i r2`/2MX V mM/ ;V x2B;2M rB2/2` /b .Bz2`2Mx#BH/ mM/
/b amKK2M#BH/X AM #V Bbi /B2 .QK M2MrM/ KBi 2BM2` `Qi2M J`FB2`mM; M+?;2xQ;2MX 2V
mM/ 7V bBM/ FQMi`biQTiBKB2`i2 o`BMi2M /2b amKK2M#BH/2b- ?B2`#2B Bbi 2V bQ QTiBKB2`i-
/bb /B2 Eƺ`M2` bi `F2` ?2`pQ`;2?Q#2M r2`/2MX 7V Bbi m7 /B2 EQH2bx2Mx#2`2B+?2 Ub+?r`xV
xrBb+?2M /2M q+?bimKbBMb2HM QTiBKB2`iX AM +V Bbi xm 2`F2MM2M- /bb /B2 @+?b2M Eƺ`M2`
?mTib +?HB+? BMM2`?H# /2` .QK M2M HB2;2M mM/ MB+?i BM /2` L ?2 /2` .QK M2Mr M/2X
.B2 .QK M2MrM/ ?BM;2;2M bTMMi bB+? 2MiHM; /2` EQH2bx2Mx#2`2B+?2X ##BH/mM; eXj
x2B;i /B2 ɂ#2`H;2`mM; /2b K;M2iBb+?2M mM/ bi`mFim`2HH2M EQMi`bi BM 6`#2X .B2 q+?b@
d3
eXR EQ``2HiBQM pQM JBF`Qbi`mFim` mM/ K;M2iBb+?2` 6Hmbb/B+?i2p2`i2BHmM;
##BH/mM; eXR, V mM/ #V, "BH/2` /2` u"*Pf*Q62" .QTT2Hb+?B+?i m7;2MQKK2M M /2` *Q
Gj@EMi2 KBi TQbBiBp2` mM/ M2;iBp2` xB`FmH`2` SQH`BbiBQMX +V amKK2 /2` "BH/2` mb V mM/
#V r2H+?2 /B2 bi`mFim`2HH2M AM7Q`KiBQM2M ?2`pQ`?2#iX /V .Bz2`2Mx#BH/ r2H+?2b- /B2 K;M2iBb+?2M
AM7Q`KiBQM2M x2B;iX
dN
ETBi2H e L2m2 Jƺ;HB+?F2Bi2M KBii2Hb _ƺMi;2MKBF`QbFQTB2
##BH/mM; eXk, .B2 EQMim` /2` .QK M2MrM/ rm`/2 mb /2K sJ*.@"BH/ V Hb `Qi2 GBMB2
#V M+?;2x2B+?M2iX AK amKK2M#BH/ ;V rm`/2 /2` EQMi`bi bQ M;2Tbbi- /bb xmK 2BM2M /B2
Eƺ`M2` Ur2BĽV #2bb2` xm 2`F2MM2M bBM/ 2V mM/ xmK M/2`2M /B2 EQH2bx2Mx#2`2B+? xrBb+?2M /2M
q+?bimKbBMb2HM Ub+?r`xV 7VX +V mM/ /V x2B;2M /B2 ɂ#2`H;2`mM; /2` `Qi2M .QK M2MrM/ KBi
2V mM/ 7VX .B2 Eƺ`M2` HB2;2M ?mTib +?HB+? BMM2`?H# /2` .QK M2MX
3y
eXR EQ``2HiBQM pQM JBF`Qbi`mFim` mM/ K;M2iBb+?2` 6Hmbb/B+?i2p2`i2BHmM;
##BH/mM; eXj, V EQHQ`B2`i2 o2`bBQM /2` ##BH/mM; eXk /V- /B2 .QK M2MrM/ Bbi BM r2BĽ
/`;2bi2HHiX .B2 b+?r`x2M "2`2B+?2 x2B;2M /B2 EQH2bx2Mx#2`2B+?2 xrBb+?2M /2M q+?bimKbBMb2HM
/2b u"*P U`QiV mM/ /B2 @+?b2M Eƺ`M2` bBM/ ;2H# /`;2bi2HHiX .B2 p2`;`ƺĽ2`i2 m7M?K2 BM #V
x2B;i /b /B2 .QK M2MrM/ bB+? 2MiHM; /2` FɃ`x2bi2M ai`2+F2 xrBb+?2M /2M EQH2bx2Mx#2`2B+?2M
m7bTMMiX + mM/ /V x2B;2M S`Q}H2 2MiHM; /2` J`FB2`mM;2M BM VX .B2 SQbBiBQM /2` .QK M2MrM/
Bbi KBi 2BM2` r2BĽ2M GBMB2 K`FB2`i mM/ /2` bi`mFim`2HH2 o2`Hm7 BM b+?r`xX .B2 >F2M K`FB2`2M
"2`2B+?2 BM /2M2M /B2 .QK M2MrM/ KBi /2KJBMBKmK BK #bQ`TiBQMbFQMi`bi Ƀ#2`2BMbiBKK2MX
imKbBMb2HM bBM/ BM _Qi /`;2bi2HHi- /B2 EQH2bx2Mx#2`2B+?2 BM b+?r`x mM/ /B2 @+?b2M
Eƺ`M2` BM :2H#X .B2 .QK M2MrM/ Bbi r2BĽ K`FB2`iX AM #V Bbi /2` #Hm K`FB2`i2 "2`2B+?
p2`;`ƺĽ2`i /`;2bi2HHiX .B2 .QK M2MrM/ 7QH;i /2K FɃ`x2bi2M q2; xrBb+?2M /2M EQH2b@
x2Mx#2`2B+?2M mM/ /B2 @+?b2M Eƺ`M2` HB2;2M BM /2` JBii2 /2` .QK M2MX .B2b x2B;i- /bb
/B2 q+?bimKbBMb2HM b2H#bi F2BM2 ;`QĽ2 o2`MF2`mM;bF`7i #2bBix2MX .B2 :`T?2M BM +V mM/
/V bQHH2M /B2b MQ+?KH p2`/2miHB+?i /`bi2HH2MX >B2` Bbi BM b+?r`x /2` bi`mFim`2HH2 o2`Hm7
2MiHM; /2` J`FB2`mM;2M m7;2i`;2MX AM r2BĽ bBM/ a+?MBiiTmMFi2 KBi /2` .QK M2MrM/
K`FB2`i mM/ /B2 r2BĽ2M >F2M x2B;2M SQbBiBQM2M- M /2M2M /b JBMBKmK /2` _ƺMi;2M#@
bQ`TiBQM KBi /2` .QK M2MrM/TQbBiBQM Ƀ#2`2BMbiBKKiX .B2b Bbi BM 16 /2` 18 K`FB2`i2M
"2`2B+?2M /2` 6HHX >B2`mb FMM KM b+?HB2Ľ2M- /bb /B2 .QK M2MrM/ /2M EQH2bx2Mx@
#2`2B+?2M BK amT`H2Bi2` 7QH;iX . /B2 .QK M2MrM/ BM /2` a2MbQ`b+?B+?i /B2 K;M2iBb+?2
6Hmbb/B+?i2p2`i2BHmM; BK amT`H2Bi2` rB/2`bTB2;2Hi- ?2BĽi /b- /bb /B2 6Hmbb7`QMi M /2M
/272Fi`2B+?2M EQH2bx2Mx#2`2B+?2M p2`MF2`i rB`/X . 2b bB+? ?B2`#2B mK "2`2B+?2 ?Q?2`
.272Fi/B+?i2 mM/ p2``BM;2`i2` a+?B+?i/B+F2 ?M/2Hi- x2B;2M /B2b2 "2`2B+?2 2BM2 ?Q?2 o2`M@
F2`mM;bF`7iX wmb ixHB+? Bbi /B2b 2BM r2Bi2`2b AM/Bx /7Ƀ`- /bb /B2 K;M2iBb+?2M .QK M2M-
r2H+?2 #2B _mKi2KT2`im` ;2K2bb2M r2`/2M- /2M wmbiM/ #2B iB272M h2KT2`im`2M rB@
/2`bTB2;2HiX
3R
ETBi2H e L2m2 Jƺ;HB+?F2Bi2M KBii2Hb _ƺMi;2MKBF`QbFQTB2
.2` h1u@JQ/mb Bbi 2BM ;22B;M2i2` J2bbKQ/mb xm` *?`Fi2`BbB2`mM; /2` K;M2iBb+?2M
6Hmbb/B+?i2p2`i2BHmM; mM/ /2` ##BH/mM; /2` P#2`~ +?2Mbi`mFim`X .B2b2 P#2`~ +?2Mb2M@
bBiBpBi i #`BM;i D2/Q+? 2BM S`Q#H2K KBi bB+?, _2bi;b FQM/2MbB2`i #2B iB272M h2KT2`im`2M
m7 /2` S`Q#2 mM/ p2`b+?H2+?i2`i bQKBi /b aB;MHX .B2b2` 1z2Fi bQHH BK M +?bi2M #b+?MBii
#2i`+?i2i r2`/2MX
eXk 1BM~mbb /2` h2KT2`im` m7 /b J2bbbB;MH
JBi /2` 1BM7Ƀ?`mM; /2b >2HBmKF`vQbii2M Bbi /B2 "2i`+?imM; /2b x2BiHB+?2M o2`Hm7b /2b
h1u@aB;MHb 2bb2MiB2HHX >B2`7Ƀ` rm`/2 Ƀ#2` 2BM2M w2Bi`mK pQM 70 JBMmi2M /b J2bbbB;MH
2BM2` ai`mFim` #2i`+?i2iX GBMFb BM ##BH/mM; eX9 bBM/ pB2` m7M?K2M 2BM2` bi`mFim`B2`i2M
S`Q#2 BK h1u@JQ/mb /`;2bi2HHiX >B2`#2B ?M/2Hi 2b bB+? mK /B2 xr2Bi2- pB2`i2- 7ɃM7i2
mM/ bB2#i2 J2bbmM; #2B 20EX .B2 m7M?K2 pQM 2BM2K "BH/ /m2`i +B`+ 10 JBMmi2MX
m7 /2` `2+?i2M a2Bi2 Bbi /2` :`mr2`i- r2H+?2` /B`2Fi /2K J2bbbB;MH 2MibT`B+?i- 7Ƀ` /2M
;2H#2M "2`2B+? m7;2i`;2MX 1b Bbi xm 2`F2MM2M- /bb M+? /2M 2`bi2M xr2B "BH/2`M /b
aB;MH mK 25W ;2bmMF2M BbiX L+? /2K bB2#i2M "BH/ Bbi /b m7 65W /2b M7M;br2`i2b
;2bmMF2MX .B2 P#2`~ +?2Mb2MbBiBpBi i /2b h1u@JQ/mb U5 MK 1H2Fi`QM2Mmbi`BiibH M;2V
7Ƀ?`i /xm- /bb D2;HB+?2 #H;2`mM; pQM _2bi;b- /b aB;MH mM/ /KBi- /B2 2z2FiBp2
.B+F2 /2` 72``QK;M2iBb+?2M a+?B+?i p2``BM;2`iX AM h`MbKBbbBQM x2B;i bB+? /B2b2` 1z2Fi
MB+?i- ?B2` FMM Ƀ#2` aimM/2M ?BMr2; #2B 20E ;2K2bb2M r2`/2M- Q?M2 2BM2 o2` M/2`mM;
/2` aB;MHbi `F2 m7 :`mM/ /2` 1Bb#H;2`mM; xm #2Q#+?i2MX AK 6QH;2M/2M bQHH m7 /2M
q2+?b2H pQM h1u@J2bbmM;2M xm h`MbKBbbBQMbK2bbmM;2M 2BM;2;M;2M r2`/2MX
##BH/mM; eX9, GBMFb, oB2` h2BH#BH/2` /2`b2H#2M S`Q#2Mbi2HH2M M+? mMi2`b+?B2/HB+?2M w2BiBMi2`@
pHH2M #2B kyEX :2x2B;i bBM/ /b xr2Bi2 "BH/ ;Mx HBMFb- /b oB2`i2- 6ɃM7i2 mM/ aB2#i2 "BH/ /B2b2`
J2bb`2B?2X .B2 "BH/2` bBM/ BK h1u@JQ/mb m7;2MQKK2MX _2+?ib, :`mr2`ip2`i2BHmM; Ƀ#2` /2M
;2H# K`FB2`i2M "2`2B+?X .2` :`mr2`i 2MibT`B+?i /2K sJ*.@aB;MHX
3k
ETBi2H d
oQM h1u xm h`MbKBbbBQM
dXR >2`mb7Q`/2`mM;2M /2` h`MbKBbbBQMbK2bbmM;
1b rm`/2 BK H2ixi2M ETBi2H ;2x2B;i- /bb /2` h1u@J2bbKQ/mb oQ`i2BH2 bQrB2 L+?i2B@
H2 ?i- r2H+?2 ;2`/2 #2B iB272`2M h2KT2`im`2M xmK h`;2M FQKK2MX C2ixi bQHH ;2x2B;i
r2`/2M- mb r2H+?2K :`mM/ 2BM lKbiB2; pQM h1u@J2bbmM;2M xm h`MbKBbbBQM #2B iB272M
h2KT2`im`2M MƺiB; Bbi mM/ r2H+?2 oQ`i2BH2 h`MbKBbbBQMbK2bbmM;2M #B2i2MX h`MbKBbbB@
QMbK2bbmM;2M #2/2mi2i- /bb /b FQKTH2ii2 oQHmK2M /2` 72``QK;M2iBb+?2M a+?B+?i xm`
aB;MH#BH/mM; #2Bi` ;iX C2/Q+? Kmbb ?B2`7Ƀ` /B2 S`Q#2 #2bQM/2`b pQ`#2`2Bi2i r2`/2MX .B2
FQKTH2ii2M >2`bi2HHmM;bb+?`Bii2 rm`/2M b+?QM BM ETBi2H 9Xj /`;2bi2HHiX >B2` bQHH MmM m7
/2M .ɃMMmM;bb+?`Bii KBi >BH72 /2b 6A" MQ+?KHb ;2Mm2` 2BM;2;M;2M r2`/2M- mM/ 2b
bQHH #2i`+?i2i r2`/2M- Q# /b #i`;2M /2b ahP KBi 2BM2K :HHBmKBQM2Mbi`?H mbrB`@
FmM;2M m7 /B2 S`Q#2M ?iX wr2Bi2Mb bQHH ?B2` m7 /B2 wmbKK2Mb2ixmM; /2b aB;MHb BM
h`MbKBbbBQM 2BM;2;M;2M r2`/2MX
dXRXR 6Q+mb2/ AQM "2K .ɃMM2M
.b .ɃMM2M /2` S`Q#2M KBi 2BM2K :HHBmKBQM2Mbi`?H FMM xmK 1BMi`; pQM :HHBmKiQ@
K2M BM /b am#bi`iKi2`BH 7Ƀ?`2MX 1b rm`/2M aBKmHiBQM2M 7Ƀ` ahP@am#bi`i2 KBi 2BM2`
_2bi/B+F2 pQM 100 MK /m`+?;27Ƀ?`iX AM ##BH/mM; dXR bBM/ aBKmHiBQM2M xmK 1BM/`BM;@
p2`?Hi2M /2` :HHBmKBQM2M BM /b am#bi`iKi2`BH ;2x2B;iX .B2 aBKmHiBQM2M rm`/2M KBi
/2K S`Q;`KK Ǵa_AJǴ /m`+?;27Ƀ?`iX 1b rm`/2M 5000 AQM2M mMi2` b2MF`2+?i2K 1BM7HH
bBKmHB2`i #2B 2BM2` KtBKH2M AQM2M2M2`;B2 pQM 30 F2o mM/ 2BM2` .B+?i2 pQM 5, 13 ;f+Kj
7Ƀ` ai`QMiBmKiBiMiX m7 /2` HBMF2M a2Bi2 BM ##BH/mM; dXR Bbi /B2 1BM/`BM;iB272 /2` AQM2M
Ƀ#2` 2BM2 .B+F2 pQM 1000³ m7;2i`;2MX AM b+?r`x bBM/ /B2 S7/2 /2` AQM2M 2BM;2i`@
;2M- ?2HH2b _Qi x2B;i #2r2;i2 am2`biQziQK2 mM/ /mMFH2b _Qi rQ /B2b2 biQTT2MX :H2B+?2b
3j
ETBi2H d oQM h1u xm h`MbKBbbBQM
##BH/mM; dXR, aBKmHiBQM2M /2b 1BM/`BM;2Mb /2` :HHBmKBQM2M BM 2BM ahP am#bi`i /2` .B+F2
/4 100MKX GBMFb, Abi /B2 1BM/`BM;iB272 BM w@_B+?imM; m7;2i`;2MX _2+?ib, w2B;i /2M S7/ /2`
AQM2M BK am#bi`iX "2B /2M aBKmHiBQM2M rm`/2 /b *?MM2HBM; MB+?i #2`Ƀ+FbB+?iB;iX
;BHi 7Ƀ` hBiM U>2HH#Hmf.mMF2H#HmV mM/ ai`QMiBmK UQ`M;2f;`ɃMVX .B2 aBKmHiBQM x2B;i-
/bb /B2 K2Bbi2M AQM2M #Bb xm 400³ BM /b Ji2`BH 2BM/`BM;2MX AM /2` `2+?i2M :`}F bBM/
/B2 S7/2 /2` AQM2M Ƀ#2` /B2 am#bi`i/B+F2 m7;2i`;2MX .B2b2` x2B;i- /bb /B2 "2r2;mM;
/2` :HHBmKBQM2M m7 2BM2M "2`2B+? pQM ±200³ #2b+?` MFi BbiX "2B /2` "2bi`?HmM; pQM
2BMF`BbiHHBM2M am#bi`i2M KBi AQM2M FQKKi 2b xmK bQ;2MMMi2M *?MM2HBM;@1z2FiX .B2b
#2/2mi2i- /bb AQM2M #? M;B; pQM /2` E`BbiHHQ`B2MiB2`mM; mMi2`b+?B2/HB+? r2Bi BM /b
Ji2`BH 2BM/`BM;2M FƺMM2MX q2Bi2`?BM Bbi /B2b2` 1z2Fi bi`F pQM /2` P`B2MiB2`mM; /2b
E`BbiHH;Bii2`b xmK 1BM7HHbrBMF2H /2` AQM2MX .B2b #2/2mi2i- /bb mMi2` o2`M+?H bbB;mM;
pQM :Bii2`7Ƀ?`mM; U*?MM2HBM;V (N3)- /b bmT`H2Bi2M/2 Ji2`BH m+? #2B 2BM2` _2bi/B+F2
/2b ai`QMiBmKiBiMib pQM 100 MK mM#2b+? /B;i /m`+? :HHBmKBQM2M #H2B#2M bQHHi2X
*?MM2HBM; FMM D2/Q+? /xm 7Ƀ?`2M- /bb :HHBmKBQM2M BM /b bmT`H2Bi2M/2 Ji2`BH BK@
THMiB2`i r2`/2MX wmb ixHB+? /xm FQKKi 2b xm b2FmM/ `2M aiQĽT`Qx2bb2M r2H+?2 /xm 7Ƀ?@
`2M FƺMM2M- /b ai`QMiBmK Q/2` hBiM BM /b :Bii2` /2b u"*P BKTHMiB2`i r2`/2MX .B2b2
M/2`mM;2M /2` E`BbiHHbi`mFim` pQM u"*P FƺMM2M /B2 1B;2Mb+?7i2M bi`F #22BM~mbb2M
mM/ /2M amT`H2Bi2` bQKBi mM#`m+?#` K+?2MX 1BM r2Bi2`2`- MB+?i xm p2`M+?H bbB;2M/2`
1z2Fi Bbi /2` q `K22BMi`; /m`+? /2M AQM2Mbi`?HX 6Ƀ` FQKK2`xB2HH2 6A" FMM 2BM q `@
K22BMi`; pQM 1− 1000qfK (NN) M;2MQKK2M r2`/2MX .B2b2` Bbi bi`F pQK p2`r2M/2i2M
AQM2Mbi`QK #? M;B;X :2`/2 #2B ahP KBi 2BM2` q `K2H2Bi7 ?B;F2Bi pQM 12qfKE FMM
/B2b2` 1BMi`; xm 2BM2` bB;MB}FMi2M 1`?ƺ?mM; /2` am#bi`ii2KT2`im` 7Ƀ?`2M r2H+?2 /xm
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dXR >2`mb7Q`/2`mM;2M /2` h`MbKBbbBQMbK2bbmM;
7Ƀ?`i- /bb bB+? /B2 am2`biQz/QiB2`mM; /2b u"*P bi`F p2` M/2`iX 1BM MQ+? mM;2FH `i2`
SmMFi bBM/ o2` M/2`mM;2M M /2` E`BbiHHbi`mFim` /m`+? /b 6A"- m+? r2MM /B2b2` SmMFi
#Bb D2ixi r2MB; mMi2`bm+?i rB`/ x2B;i bB+?- /bb /B2 "2`#2BimM; KBi AQM2Mbi`?H2M BKK2`
xm o2` M/2`mM;2M /2` E`BbiHHbi`mFim` #2xB2?mM;br2Bb2 /2K 1BM#`BM;2M pQM o2`b2ixmM;2M
7Ƀ?`i (Ryy)X
dXRXk J2bbbB;MH BM h`MbKBbbBQM
AK MmM 7QH;2M/2M #b+?MBii bQHH /b aB;MH BM h`MbKBbbBQM 7Ƀ` /B2 ;2/ɃMMi2M S`Q#2M
;2Mm2` #2i`+?i2i r2`/2MX
.B2 _2bi/B+F2 /2b am#bi`i2b ?i 2BM2M ;`QĽ2M 1BM~mbb m7 /B2 aB;MH?ƺ?2X "2B 2BM2` _2bi@
/B+F2 pQM 1μK r2`/2M 96W /2` 2BM7HH2M/2M ai`?HmM; #bQ`#B2`i (RyR)X AK 6QH;2M/2M bQHH
MmM /b aB;MH BK 6HH 7Ƀ` h`MbKBbbBQM 7Ƀ` /b ?B2` p2`r2M/2i2 a+?B+?ibvbi2K #2i`+?i2i
r2`/2MX ##BH/mM; dXk x2B;i HBMFb 2BM _Q?#BH/- M /2` LB+F2H Gj@EMi2- BM h`MbKBbbBQM
KBi 2BM2` o2`r2BHx2Bi pQM 2, 3Kb T`Q SBt2HX _2+?ib Bbi /B2 w ?H`i2 ;2;2M /B2 SQbBiBQM BK
Q`M;2 7`#2M2M Ebi2M m7;2i`;2MX .B2 .B+F2 /2b am#bi`i2b #2i` ;i #2B /B2b2M S`Q#2M
`mM/ 700 MKX .B2 ;2bKi2 S`Q#2 Bbi KBi S2`KHHQv #2b+?B+?i2iX AM 2BM2K /m`+?; M;B;2M
GQ+? BM /2` S`Q#2 rm`/2 2BM2 KtBKH2 w ?H`i2 pQM 35300 #2B ;H2B+?2` o2`r2BHx2Bi ;2@
K2bb2MX >B2`mb 2`;B#i bB+?- /bb BM /B2b2K 62Mbi2` mĽ2`?H# /2` u"*P@ai`mFim` MQ+?
1, 6W /2` S?QiQM2M i`MbKBiiB2`i r2`/2M- m7 /2K u"*P 7 HHi /B2b2` q2`i m7 0, 56W #X
"2B 2BM2K sJ*.@1z2Fi pQM `mM/ 10W Bbi /b xm 2`r`i2M/2 K;M2iBb+?2 aB;MH b2?` ;2@
`BM;X .b sJ*.@aB;MH rm`/2 mb /2K KtBKH2M EQMi`bi?m# 2BM2` sJ*.@m7M?K2
#2biBKKiX .B2b #2/2mi2i- /bb 7Ƀ` h`MbKBbbBQMbK2bbmM;2M /b ahP@am#bi`i /2miHB+?
/ɃMM2` Hb 700 MK ;2/ɃMMi r2`/2M KmbbX
AM ##BH/mM; dXj Bbi /2` i?2Q`2iBb+?2 o2`Hm7 /2` h`MbKBbbBQM ;2;2M /B2 .B+F2 pQM ahP
mM/ u"*P m7;2i`;2MX 1b ?M/2Hi bB+? ?B2`#2B mK h`MbKBbbBQMbr2`i2 #2B 2BM2` 1M@
2`;B2 pQM 853 2o- 2MibT`2+?2M/ /2` LB+F2H Gj@EMi2X 6Ƀ` ahP rm`/2 2BM2 .B+?i2 pQM
δ = 4, 81 ;f+Kj M;2MQKK2M mM/ 7Ƀ` u"*P δ = 6, 3 ;f+Kj(Ryk- RyR)X >B2`mb H bbi bB+?
7Ƀ` 2BM a+?B+?ibvbi2K #2bi2?2M/ mb 2BM2` 700 MK ahP@a+?B+?i KBi 250 MK u"*P 2BM2
_2/mFiBQM /2` S?QiQM2M m7;`mM/ /B2b2` a+?B+?i/B+F2M m7 3, 25W /2b mb;M;br2`i2b
#2`2+?M2MX .B2 h`MbKBbbBQMbr2`i2 7Ƀ` /B2b2b a+?B+?ibvbi2K bBM/ KBi /2M 2MibT`2+?2M/2M
;2bi`B+?2Hi2M GBMB2M K`FB2`iX 6Ƀ` /b ;H2B+?2 .QTT2Hb+?B+?ibvbi2K D2/Q+? KBi 2BM2` ahP
.B+F2 pQM 300 MK 2`?ƺ?i bB+? /B2b2` q2`i m7 12WX .m`+? /B2b2 Em`p2M Bbi m+? /B2 bi`F2
_2/mFiBQM /2b aB;MHb BK "2`2B+? /2` bmT`H2Bi2M/2M ai`mFim` xm 2`FH `2M UbB2?2 ##BH@
/mM; dXkVX u"*P #bQ`#B2`i pB2H bi `F2` Hb ahPX .B2 o2``BM;2`mM; /2` ahP@.B+F2 FMM
D2/Q+? M2m2 S`Q#H2K2 KBi bB+? #`BM;2M- r2H+?2 BK ETBi2H 3 2`H mi2`i r2`/2MX
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ETBi2H d oQM h1u xm h`MbKBbbBQM
##BH/mM; dXk, GBMFb, _ƺMi;2M#bQ`TiBQMb#BH/ 2BM2` ;2/ɃMMi2M u"*P@ai`mFim`X _2+?ib, w ?H@
`i2 ;2;2M SQbBiBQM 7Ƀ` /2M Q`M;2M2M "2`2B+?X
##BH/mM; dXj, #bQ`TiBQM /2` S?QiQM2M #2B 853 2o ;2;2M /B2 a+?B+?i/B+F2 7Ƀ` ahP Uδ =
4, 81 ;f+KjVBM `Qi mM/ u"*P Uδ = 6, 3 ;f+KjV BM #HmX 1BM2 `Qi #2xB2?mM;br2Bb2 #Hm ;2bi`B+?2Hi2




AM /2M pQ`?2`B;2M ETBi2HM rm`/2M 1`;2#MBbb2 mb h1u@J2bbmM;2M pQ`;2bi2HHi mM/ ;2x2B;i
mb r2H+?2M :`ɃM/2M 2b MQir2M/B; Bbi- pQM /B2b2` J2bbK2i?Q/2 BM /B2 h`MbKBbbBQM xm
r2+?b2HMX .2` J2bbm7#m 7Ƀ` /B2b2 J2bbK2i?Q/2 rm`/2 BM #b+?MBii jXjXk ;2x2B;i mM/ /2`
>2`bi2HHmM;bT`Qx2bb /2` S`Q#2M 7Ƀ` h`MbKBbbBQMb2tT2`BK2Mi2 BM ETBi2H 9XjX AK 6QH;2M/2M
bQHH2M MmM /B2 Jƺ;HB+?F2Bi2M- /B2 KBi /B2b2` J2bbK2i?Q/2 Kƺ;HB+? bBM/- ;2x2B;i r2`/2MX
.`mMi2` 7 HHi BM #b+?MBii dXkXR /b wmbiM/2FQKK2M /2b bi`mFim`2HH2M EQMi`bib BM
h`MbKBbbBQMX AK /`mzQH;2M/2M #b+?MBii dXkXk rB`/ m7 /2M K;M2iBb+?2M EQMi`bi
2BM;2;M;2MX #b+?HB2Ľ2M/ r2`/2M /B2b2 #2B/2M AM7Q`KiBQM2M BM #b+?MBii dXkXj p2`2BMB;iX
dXkXR ai`mFim`2HH2` EQMi`bi BM h`MbKBbbBQM
AK 2`bi2M a+?`Bii bQHH MmM 2BM _Q?#BH/ /2` h`MbKBbbBQMbK2bbmM;2M #2i`+?i2i r2`/2M- /B2@
b2b Bbi BM ##BH/mM; dX9 /`;2bi2HHiX 1b ?M/2Hi bB+? ?B2`#2B mK 2BM2 [m/`iBb+?2 u"*P@
ai`mFim` KBi 2BM2` EMi2MH M;2 pQM 20μKX .B2 ##BH/mM; dX9 x2B;i 2BM2 m7M?K2 BM
##BH/mM; dX9, P`B;BMH#BH/ 2BM2` u"*P@
ai`mFim` m7;2MQKK2M KBi M2;iBp2` SQH`B@
biBQM #2B 20EX JBi Q`M;2 7`#2M2M E`2Bb2M
bBM/ #2BbTB2H?7i @+?b2MQ`B2MiB2`i2 Eƺ`M2`
K`FB2`iX
r2H+?2` /B2 u"*P ai`mFim` BM ;`m xm 2`F2MM2M Bbi- /2` mĽ2M`mK Bbi ?2HH bB+?i#`X
P`M;2 7`#2M2 E`2Bb2 K`FB2`2M /`2B @+?b2M Q`B2MiB2`i2 Eƺ`M2`X lMi2` o2`r2M/mM; /2`
J2bbmM;2M KBi `2+?ib mM/ HBMFb xB`FmH` TQH`BbB2`i2K _ƺMi;2MHB+?i FMM mMi2` //BiB@
QM /B2b2` /2` bi`mFim`2HH2 EQMi`bi r2Bi2` 2`?ƺ?i r2`/2MX .2` K;M2iBb+?2 EQMi`bi rB`/
?B2`/m`+? 2HBKBMB2`iX ##BH/mM; dX8 x2B;i m7 /2` `2+?i2M a2Bi2 2BM amKK2M#BH/ mb HBMFb
mM/ `2+?ib xB`FmH` TQH`BbB2`i2K _ƺMi;2MHB+?i mM/ m7 /2` HBMF2M a2Bi2 2BM2 _bi2`2H2F@
i`QM2Mm7M?K2 /2` ;H2B+?2M ai`mFim`X 1b Bbi BM /B2b2` ##BH/mM; xm 2`F2MM2M- /bb /B2
3d
ETBi2H d oQM h1u xm h`MbKBbbBQM
##BH/mM; dX8, GBMFb, _bi2`2H2Fi`QM2MKBF`QbFQTB2m7M?K2 /2` ai`mFim`X _2+?ib, amKK2M@
#BH/ /2` pQM M2;iBp2` mM/ TQbBiBp2` SQH`BbiBQM 7Ƀ?`i xm` ##BH/mM; /2` ai`mFim`X
ai`mFim` BM /2` h`MbKBbbBQMbK2bbmM; B/2MiBb+? xm /2` BM /2` _bi2`2H2Fi`QM2MKBF`QbFQ@
TB2m7M?K2 /`;2bi2HHi rB`/X C2/Q+? r2`/2M /B2 @+?b2M Q`B2MiB2`i2M Eƺ`M2` KBi 2BM2K
?2HH@/mMF2H o2`Hm7 /`;2bi2HHiX wm2`bi bQHH2M /B2b2 @+?b2M Eƺ`M2` 7Ƀ` /B2 ?B2` p2`r2M/2@
i2M S`Q#2M ;2Mm2` #2i`+?i2i r2`/2M mM/ Mb+?HB2Ľ2M/ /2` >2HH@.mMF2H@EQMi`bi BM /2M
h`MbKBbbBQMbK2bbmM;2MX >B2`7Ƀ` Bbi BM ##BH/mM; dXe 2BM2 .2iBHm7M?K2 /2` Eƺ`M2`
KBii2Hb _bi2`2H2Fi`QM2MKBF`QbFQTB2 /`;2bi2HHiX
.B2 a+?B+?i/B+F2 /2` ;2b+?HQbb2M2M u"*P@a+?B+?i #2i` ;i ?B2` 250 MKX .B2b2 ai`mFim` Bbi
KBi 50 MK S2`KHHQv mM/ 2 MK HmKBMBmK #2b+?B+?i2iX 1b Bbi xm b2?2M- /bb /B2b2 a+?B+?i
bB+? /2` ai`mFim` /2b amT`H2Bi2`b MTbbiX AM /2` m7M?K2 bBM/ ;`QĽ2 Eƺ`M2` bQrB2 FH2B@
M2`2 2`F2MM#`X 6Ƀ` xr2B /B2b2` ;`QĽ2M @+?b2MQ`B2MiB2`i2M Eƺ`M2` bBM/ :`ƺĽ2M#HF2M
2BM;2i`;2M mK /2`2M >ƺ?2 xm 2`KBii2HiMX .B2 Eƺ`M2` ?#2M 2BM2 >ƺ?2 pQM 167 MK mM/
457 MKX
AM h`MbKBbbBQMbK2bbmM;2M Bbi MxmM2?K2M- /bb bi`mFim`2HH2` EQMi`bi MB+?i #;2#BH/2i
rB`/- rB2 BM /2` Q#2`~ +?2Mb2MbBiBp2M h1u@J2bbmM;X .B2b Bbi ?B2` Qz2MbB+?iHB+? MB+?i /2`
6HH mM/ bQHH BK 6QH;2M/2M 2`H mi2`i r2`/2MX wm/2K bQHH /B2 l`b+?2 7Ƀ` /B2 ?2HH2M mM/
/mMFH2M 6HMF2M #2B /2` .`bi2HHmM; /2` Eƺ`M2` BM /2M h`MbKBbbBQMbK2bbmM;2M 2`H m@
i2`i r2`/2MX >B2`7Ƀ` b2B MQ+?KHb Fm`x 2`r ?Mi- /bb 7Ƀ` /B2 J2bbmM; /2` J;M2iBbB2`mM;
BM /2` 1#2M2 /B2 S`Q#2 mMi2` 2BM2K qBMF2H pQM 30ê xm` ai`?HMQ`KH2M ;2K2bb2M rB`/X
>B2`mb 7QH;i- /bb BM h`MbKBbbBQM /B2 2z2FiBp2 .B+F2 /2` S2`KHHQvb+?B+?i p`BB2`i- rb
BM ##BH/mM; dXd bFBxxB2`i r2`/2M bQHHX
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dXk 1`;2#MBbb2 _ƺMi;2Mi`MbKBbbBQMbK2bbmM;2M
##BH/mM; dXe, _bi2`2H2Fi`QM2MKBF`QbFQTB2m7M?K2 /2` P#2`~ +?2 2BM2` u"*P@ai`mFim`X
1b bBM/ BM ;`ɃM /B2 >ƺ?2M xr2B2` @+?b2MFƺ`M2` 2BM;2x2B+?M2iX
AM /B2b2` ##BH/mM; Bbi BM b+?r`x /b am#bi`i /`;2bi2HHi- /B2 bmT`H2Bi2M/2 a+?B+?i BM
#Hm mM/ /B2 S2`KHHQvb+?B+?i BM _QiX .B2 S72BH2 /2mi2M /2M q2; /2b _ƺMi;2MHB+?ib MX
1b Bbi M K2?`2`2M ai2HH2M- M r2H+?2M mMi2`b+?B2/HB+?2 P#2`~ +?2M7Q`KiBQM2M pQ`FQK@
K2M- /2` _ƺMi;2MHB+?iT7/ 2BM;2x2B+?M2iX .m`+? /2M 1BM7HHbrBMF2H /2b _ƺMi;2MHB+?ib Bbi
/B2 2z2FiBp2 .B+F2- r2H+?2 /m`+?/`mM;2M rB`/- M ;Hii2M ai2HH2M U1V mK #Bb 14W ?ƺ?2`
Hb /B2 m7;2#`+?i2M 50 MK S2`KHHQvX >B2`/m`+? rB`/ /2` #bQ`TiBQMb[m2`b+?MBii /2`
S2`KHHQvb+?B+?i ;`ƺĽ2`X .B2 ai2HH2M U3V mM/ U4V BM ##BH/mM; dXd ?#2M 2BM2M ;2`BM;2@
`2M #bQ`TiBQMb[m2`b+?MBii mM/ r2`/2M BM /2M h`MbKBbbBQMb#BH/2`M ?2HH /`;2bi2HHiX ai2HH2
U2V ?i 2BM2 2irb ?ƺ?2`2 a+?B+?i/B+F2 mM/ 2`b+?2BMi /mMFH2`X .2` 1ti`2K7HH Bbi /B2 /2K
ai`?H #;2rM/i2 a2Bi2 2BM2b ;`QĽ2M @+?b2M EQ`Mb BM /2` ai`mFim`- r2H+?2b M SQbBiBQM
U5V /`;2bi2HHi BbiX >B2` rB`/ /B2 2z2FiBp2 .B+F2 /2` S2`KHHQvb+?B+?i r2b2MiHB+? ;`ƺĽ2` mM/
/KBi m+? /B2 Mx?H /2` #bQ`#B2`i2M S?QiQM2MX .B2b2 r2`/2M Hb b+?r`x2 6HMF2M BM
/2M h`MbKBbbBQMb#BH/2`M bB+?i#`X
C2ixi bQHH m7 /2M K;M2iBb+?2M EQMi`bi BM /2M h`MbKBbbBQMbK2bbmM;2M 2BM;2;M;2M
r2`/2MX >B2`7Ƀ` bQHH Fm`x /b bT2xB2HH2 2tT2`BK2Mi2HH2 a2imT /`;2bi2HHi r2`/2MX AM /B2b2M
J2bbmM;2M rB`/ /b J;M2i72H/ /m`+? pB2` xvHBM/`Bb+?2 S2`KM2MiK;M2i2 2`x2m;i (9e)X
.B2b2 bBM/ 2BM2K Zm/`i mK /B2 S`Q#2 ?2`mK M;2Q`/M2iX .b JtBKH72H/- r2H+?2b KBi
/2K ?B2` p2`r2M/2i2M J;M2ibvbi2K 2`x2m;i r2`/2M FMM Bbi 240KhX .B2 MQ`/MmM;
3N
ETBi2H d oQM h1u xm h`MbKBbbBQM
##BH/mM; dXd, aFBxx2 xm` .`bi2HHmM; /2` mbrB`FmM; /2` P#2`~ +?2Mbi`mFim` m7 /B2 S?Q@
iQM2M#bQ`TiBQM mM/ /B2 /`mb `2bmHiB2`2M/2 2z2FiBp2 S2`KHHQvb+?B+?i/B+F2X
/2` J;M2i2 #`BM;i D2/Q+? KBi bB+?- /bb 2b xm bi`F BM?QKQ;2M2M 62H/FQKTQM2Mi2M BM
t-v mM/ x _B+?imM; FQKKiX .B2b #2/2mi2i- /bb 2b b+?rB2`B; Bbi- KBi /B2b2K avbi2K 2BM2M
LmHH72H/xmbiM/ xm 2`x2m;2MX q2Bi2`?BM- FQKKi #2B /2M _bi2`#2r2;mM;2M /2b JBF`Q@
bFQTb /xm- /bb 2b xm 62H/p`BiBQM2M FQKKiX . S2`KHHQv 2BM EQ2`xBiBp72H/ pQM 13P2
?i- FMM /B2b /m`+? /B2b2 62H/p`BiBQM2M rB2/2` ;2b iiB;i r2`/2MX .B2b 7Ƀ?`i /xm- /bb
F2BM K;M2iBb+?2` EQMi`bi pQK amT`H2Bi2` 2`F2MM#` BbiX q2Bi2`?BM H; /B2 _2bi/B+F2
/2b ahP@am#bi`i2b #2B mM;27 ?` 700 MK mb /B2b2K :`mM/ FK 2b xm 2BM2K b+?r+?2M-
`ƺMi;2M/B+?`QBiBb+?2M aB;MHX
dXkXk J;M2iBb+?2` EQMi`bi BM h`MbKBbbBQM
AK pQ`?2`B;2M #b+?MBii rm`/2 /B2 bi`mFim`2HH2 AM7Q`KiBQM /2` h`MbKBbbBQMb#BH/2` ;2@
x2B;i- MmM bQHH /m`+? .Bz2`2Mx#BH/mM; /2` _Q?#BH/2` KBi mMi2`b+?B2/HB+?2` SQH`BbiBQM /2`
K;M2iBb+?2 EQMi`bi #2i`+?i2i r2`/2MX AM ##BH/mM; dX3 Bbi /b 2`bi2 _ƺMi;2M/B+?`QBb@
Kmb#BH/ BM h`MbKBbbBQM 2BM2` u"*P@ai`mFim` KBi 2BM2` EMi2MH M;2M pQM 20μK xm b2@
?2MX .B2b2 J2bbmM; rm`/2 KBi 500x500 SBt2HM /m`+?;27Ƀ?`i- /B2b 7Ƀ?`i xm 2BM2` m~ƺbmM;
pQM 50 MKfTtX 1b Bbi ?B2` /B2 J;M2iBbB2`mM; BM /2` 1#2M2 /`;2bi2HHiX .2` :`mr2`i `2@
T` b2MiB2`i ?B2`#2B mMi2`b+?B2/HB+?2 J;M2iBbB2`mM;b`B+?imM;2MX .B2b2 FQKK2M /m`+? /b
ai`2m72H/ /2b amT`H2Bi2`b xm aiM/2X >B2`7Ƀ` rm`/2 #2B 20E 2BM Qmi@Q7@THM2 62H/ pQM
−142Kh M /B2 S`Q#2 M;2H2;iX 1b bBM/ /B2 /`2B /2` pB2` .`2B2+Fbbi`mFim`2M- r2H+?2 /m`+?
/B2 /@GBMB2M mMi2`i2BHi r2`/2M- xm 2`F2MM2MX wm 2`r`i2M bBM/ rB2 BM /2` h1u@J2bbmM;
Q/2` /2` J;M2iQQTiBF pB2` mMi2`b+?B2/HB+?2 :`mr2`i2X 1BM J;M2i72H/ b2MF`2+?i xmK
Ny
dXk 1`;2#MBbb2 _ƺMi;2Mi`MbKBbbBQMbK2bbmM;2M
##BH/mM; dX3, 1`bi2b _ƺMi;2M/B+?`QBbKmbi`MbKBbbBQMbm7M?K2 2BM2` u"*P@ai`mFim` KBi
2BM2` EMi2MH M;2 pQM 20μKX
amT`H2Bi2` 2`x2m;i 2BM2M ai`QK BM /2` a+?B+?i2#2M2X .B2b2` ai`QKF`2Bb Kmbb ;2b+?HQbb2M
b2BMX .B2 _B+?imM;b M/2`mM; /2b ai`QK~mbb2b }M/2i BM /2M /@GBMB2M biiiX mb /B2b2K
:`mM/ FQKKi 2b BK LQ`KH7HH xm pB2` mMi2`b+?B2/HB+?2M :`mbim72M BM /2M sJ*. rB2
m+? /2M J;M2iQQTiBF#BH/2`X AM /B2b2K 6HH bBM/ Mm` /`2B /2` pB2` :`mr2`i2 bB+?i#`X
lK /B2 l`b+?2 ?B2`7Ƀ` /`xmH2;2M Kmbb MQ+?KHb Fm`x m7 /2M sJ*.@1z2Fi 2BM;2;M@
;2M r2`/2MX .2` sJ*.@1z2Fi b2MbBiBp m7 /B2 S`QD2FiBQM /2` J;M2iBbB2`mM; m7 /B2
ai?H+?b2- r2br2;2M 2b xmK KtBKH2M K;M2iBb+?2 EQMi`bi xrBb+?2M /2` `2+?i2M mM/
HBMF2M ai`mFim`b2Bi2 FQKKiX wrBb+?2M /2` mMi2`2M a2Bi2 mM/ /2` HBMF2M Bbi F2BM lMi2`b+?B2/
BK EQMi`bi 2`F2MM#`X .B2b FMM M 2BM2`  mĽ2`2M 62H/FQKTQM2Mi2 /2b J;M2ibvbi2Kb
HB2;2MX .b BM /B2b2K o2`bm+? p2`r2M/2i2 J;M2ibvbi2K #2bi2?i mb pB2` xvHBM/`Bb+?2M
S2`KM2MiK;M2i2M r2H+?2 mK /B2 S`Q#2 ?2`mK TQbBiBQMB2`i bBM/ mM/ 62H/FQKTQM2Mi2M
BM t-v mM/ x@_B+?imM; ?#2MX a+?QM ;2`BM;bi2 62H/FQKTQM2Mi2M `2B+?2M mb- mK /B2 r2B+?@
K;M2iBb+?2 S2`KHHQvb+?B+?i xm K;M2iBbB2`2MX
AM .Bz2`2Mx#BH/2`M bQHHi2 bB+? /2` bi`mFim`2HH2 EQMi`bi 2HBKBMB2`2MX .B2b Bbi BM /B2b2K "BH/
MB+?i /2` 6HHX .B2b HB2;i /`M- /bb /B2 #2B/2M _Q?m7M?K2M MB+?i FQKTH2ii B/2MiBb+?
bBM/X .2` E`vQbii #2r2;i bB+? m7 /2` LMQK2i2`bFH- /B2b 7Ƀ?`i /xm- /bb /B2 SQbBiBQM
/2` SBt2H xrBb+?2M /2M #2B/2M _Q?#BH/2`M MB+?i Ƀ#2`2BMbiBKKi mM/ 2b xm` `i27Fi#BH/mM;
#2B /2` am#i`FiBQM FQKKiX
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ETBi2H d oQM h1u xm h`MbKBbbBQM
dXkXj EQ``2HiBQM pQM bi`mFim`2HH2` mM/ K;M2iBb+?2` AM7Q`KiBQM
L+?/2K BM /2M pQ`?2`B;2M ETBi2HM /B2 bi`mFim`2HH2M bQrB2 K;M2iBb+?2M 1`;2#MBbb2 /2`
2`bi2M h`MbKBbbBQMbK2bbmM;2M pQ`;2bi2HHi rQ`/2M bBM/- r2`/2M /B2b2 MmM p2`2BMiX >B2`7Ƀ`
rB`/ /B2 .QK M2MrM/ BK "2`2B+? /2` .@GBMB2 mMi2M `2+?ib BM ##BH/mM; dX3 ;2Mm2`
#2i`+?i2iX qB2 BM ##BH/mM; dXN xm b2?2M- #2bi2?i /B2 ai`mFim` /B2b2` S`Q#2 mb ;`QĽ2M
@+?b2MFƺ`M2`M KBi 2BM2` :`mM/~ +?2 pQM `mM/ 500 MK mM/ FH2BM2M Eƺ`M2`M r2H+?2 2B@
M2M .m`+?K2bb2` pQM 65@100 MK #2bBix2MX AM ##BH/mM; dXN rm`/2 /B2 `2+?i2 mMi2`2 1+F2
mb /2K _bi2`2H2Fi`QM2M#BH/ mM/ mb /2K sJ*.@"BH/ mb;2b+?MBii2MX .2` o2`Hm7 /2`
.QK M2MrM/ BK sJ*.@"BH/ rm`/2 BM Q`M;2 K`FB2`iX .B2b2` o2`Hm7 rm`/2 BM /b
_bi2`2H2Fi`QM2M#BH/ Ƀ#2`i`;2M mK /2M 1BM~mbb /2` ai`mFim` /2miHB+?2` bB+?i#` xm K@
+?2MX JBi `Qi2M E`2mx2M bBM/ ai2HH2M K`FB2`i M /2M2M /B2 6Hmbb7`QMi #2xB2?mM;br2Bb2 /B2
.QK M2MrM/ 72bi;2?Hi2M rB`/X 1b x2B;i bB+? ?B2`- /bb /B2 .QK M2MrM/ MB+?i M /2M
;`QĽ2M Eƺ`M2`M p2`MF2`i rB`/- bQM/2`M M /2M pB2H FH2BM2`2M Eƺ`M2`M BM /2` ai`mFim`X
.B2 ;`QĽ2M @+?b2MFƺ`M2` bBM/ 7Ƀ` /B2 .QK M2 F2BM >BM/2`MBb mM/ /B2 .QK M2 #2r2;i
bB+? Ƀ#2` /B2b2 ?BMr2;X .B2b2b 1`;2#MBb Bbi p2`;H2B+?#` KBi /2K BM ETBi2H eXR #2i`+?i2@
i2M S`Q#2M r2H+?2 BK h1u@JQ/mb m7;2MQKK2M rQ`/2M bBM/X 6Ƀ` /B2 o2`MF2`mM; /2`
6Hmbb7`QMi #2xB2?mM;br2Bb2 pQM 6HmbbHBMB2M Kmbb /B2 :`ƺĽ2 /2` o2`MF2`mM;bbi2HH2M BM /2`
;H2B+?2M :`ƺĽ2MQ`/MmM; rB2 /B2 6HmbbHBMB2M b2BM- /B2b i`Bzi ?B2` 7Ƀ` /B2b2 FH2BM2M Eƺ`M2` xmX
1b rm`/2 #2`2Bib BM (Ryj) ;2x2B;i- /bb /B2 K;M2iBb+?2M .QK M2 /B2 6Hmbb/B+?i2p2`i2BHmM;
/2b amT`H2Bi2`b `2T` b2MiB2`iX "2B iB272M h2KT2`im`2M h Ŀ h+ }M/2i o2`MF2`mM; M .2@




##BH/mM; dXN, _2+?ib, sJ*.@"BH/ /2` `2+?i2M mMi2`2M 1+F2 /2` ai`mFim`X AM Q`M;2 Bbi /2`
o2`Hm7 /2` .QK M2MrM/ 2BM;2x2B+?M2iX .B2 SQbBiBQM /2` .QK M2MrM/ rm`/2 BM /b _b@
i2`2H2Fi`QM2MKBF`QbFQTB2#BH/ Ƀ#2`i`;2MX GBMFb, mbb+?MBii /2` `2+?i2M mMi2`2M 1+F2 mb /2K
_bi2`H2H2Fi`QM2M#BH/ pQM ##BH/mM; dX8X _Qi2 E`2mx2 K`FB2`2M ai2HH2M- M /2M2M /B2 .QK @




.B2b2 `#2Bi #2b+?`2B#i /B2 1MirB+FHmM;- h2biT?b2 2BM2b M2m`iB;2M >2HBmKF`vQbii2M
7Ƀ` 2BM _bi2``ƺMi;2MKBF`QbFQT mM/ /B2 2`bi2M 1tT2`BK2Mi2 KBi /B2b2KX q2Bi2`?BM rm`/2
/B2 S`Q#2MT` T`iBQM mM/ /B2 2`bi2M 1tT2`BK2Mi2 KBi `ƺMi;2MHB+?ii`MbT`2Mi2M S`Q#2M
pQ`;2bi2HHiX 1b bQHH ?B2` MmM m7 /B2 >2`mb7Q`/2`mM;2M KBi /2` S`Q#2MT` T`iBQM bQrB2
m7 o2`#2bb2`mM;bpQ`b+?H ;2 7Ƀ` /2M >2HBmKF`vQbii2M 2BM;2;M;2M r2`/2MX
Ç .2` "2HB+?imM;bT`Qx2bb /2` #2H+Fi2M S`Q#2 7Ƀ?`i xm` _/BFH#BH/mM; r2H+?2 xm`
"22BM~mbbmM; /2b amT`H2Bi2`b 7Ƀ?`2M FƺMM2MX
Ç .B2 :`ƺĽ2 /2` ai`mFim`2M Bbi #2;`2Mxi /m`+? /2M 6QFmbbTQi /2b "2HB+?imM;bHb2`bX
.B2b2` HB2;i #2B 1μKX .B2b 7Ƀ?`i /xm- /bb /B2 ai`mFim`;`ƺĽ2 m7 mM;27 ?` 2μK
EMi2MH M;2 #2;`2Mxi BbiX
Ç 1b FMM r ?`2M/ /2b .ɃMMT`Qx2bb2b KBi /2K AQM2Mbi`?H xm` AKTHMiiBQM pQM
:HHBmKBQM2M BM /2M amT`H2Bi2` FQKK2MX wmb ixHB+? FƺMM2M ai`QMiBmK mM/ hBiM
BM /2M amT`H2Bi2` /m`+? aiQĽT`Qx2bb2 BKTHMiB2`i r2`/2MX .m`+? /B2 AKTHMiiBQM
FMM 2b xm 2BM2` /`biBb+?2M _2/mFiBQM BM /2` ɂ#2`;M;bi2KT2`im` FQKK2M (Ry8)X
Ç .ɃMM2M /2b ai`QMiBmKbiBiMib KBii2Hb 6A" 7Ƀ?`i xm 2BM2K q `K22BMi`; BM /b
Ji2`BHX .B2b2` FMM /xm 7Ƀ?`2M- /bb /B2 u"*P a+?B+?i #2b+? /B;i rB`/X wm
/B2b2M "2b+? /B;mM;2M x ?Hi bQrQ?H /B2 M/2`mM; /2` am2`biQz/QiB2`mM; rB2 m+?
2BM2 2`?ƺ?i2 LB+F2H/BzmbBQM mb /2` S2`KHHQvb+?B+?iX
Ç .B2 .B+F2 /2` ahP@a+?B+?i M+? /2K .ɃMMmM;bT`Qx2bb Kmbb ;2Mm FQMi`QHHB2`i r2`@
/2MX wm /B+F2 U700 MKV a+?B+?i2M 7Ƀ?`2M /xm- /bb xm r2MB; S?QiQM2M r ?`2M/
/2b 1tT2`BK2Mib i`MbKBiiB2`i r2`/2MX wm /ɃMM2 a+?B+?i2M U/< 150 MKV 7Ƀ?`i /xm-
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/bb /B2 i?2`KBb+?2 M#BM/mM; M /b `2biHB+?2 Ji2`BH MB+?i ;2r ?`H2Bbi2i Bbi mM/
2b xm _Bbb2M BM /2` ai`mFim` FQKK2M FMMX
Ç m7 /2M u"*P@a+?B+?i2M Bbi 2BM2 5 MK /B+F2 ahP@a+?B+?i m7;2#`+?iX .B2b2 p2`@
KBM/2`i /B2 LB+F2H/BzmbBQM BM /2M amT`H2Bi2` bQrB2 /B2 am2`biQz/BzmbBQM mb /2K
amT`H2Bi2` ?2`mbX 1b Bbi pQ`bi2HH#`- /bb /B2 wrBb+?2Mb+?B+?i Mm` 2BM2 x2BiHB+? #2@
;`2Mxi2 "``B2`2rB`FmM; ?i mM/ /B2 .BzmbBQM Mm` p2`HM;bKi rB`/X
6Ƀ` 72BM2`2 ai`mFim`2M FMM m7 Hi2`MiBp2 "2HB+?imM;bK2i?Q/2M mK;2biB2;2M r2`/2M
rB2 xmK "2BbTB2H /b "2HB+?i2M KBii2Hb 2BM2` JbF2X .B2b bQHHi2 xm b+? `72`2M EMi2M
/2` ai`mFim`2M 7Ƀ?`2MX 1BM2 r2Bi2`2 Jƺ;HB+?F2Bi r `2 2b /B2 ai`mFim`2M KBii2Hb 6A" xm
bi`mFim`B2`2M rQ#2B ?B2` /B2 /B`2Fi2 :HHBmKBKTHMiiBQM #2i`+?i2i r2`/2M KmbbX .B2
AKTHMiiBQM pQM :HHBmKBQM2M BM /B2 bmT`H2Bi2M/2 a+?B+?i bQHHi2 /m`+? /B2 1`?ƺ?mM;
/2` ahP@am#bi`i/B+F2 p2`KBM/2`i r2`/2MX .B2b rɃ`/2 m+? /B2 i?2`KBb+?2 M#BM/mM;
p2`#2bb2`MX .B2 LB+F2H/BzmbBQM FMM 2p2Mim2HH /m`+? 2BM2 1`?ƺ?mM; /2` a+?B+?i/B+F2 /2`
ahP@wrBb+?2Mb+?B+?i p2`#2bb2`i r2`/2MX >B2`7Ƀ` Kmbb D2/Q+? 2BM2 HM;x2BiB;2 h2bib2`B2 /2b
x2BiHB+?2M o2`Hm7b /2` ai`QK/B+?i2 mM/ /2` ɂ#2`;M;i2KT2`im` ;2K+?i r2`/2MX
>2HBmKF`vQbii,
Ç .2` E`vQbii pB#`B2`i m7 2BM2` :`ƺĽ2MbFH pQM `mM/ 30 MKX
Ç .2` E`vQbii p2`FBTTi bB+? H2B+?i r ?`2M/ /2M _bi2`#2r2;mM;2M /2b JBF`QbFQTbX
Ç 1b Bbi ;2rɃMb+?i 2BM2 i?2`KBb+? 2MiFQTT2Hi2 >Hi2`mM; 7Ƀ` 2H2Fi`Bb+?2 M#BM/mM;2M
BM /2` L ?2 /2` S`Q#2MTQbBiBQM #2`2Bixmbi2HH2MX
.B2 oB#`iBQM2M bQrB2 /B2 o2`FBTTmM; FƺMM2M 2p2Mim2HH //m`+? ;2Hƺbi r2`/2MX .B2 EmT@
72`/` ?i2 xmK EɃ?H}M;2` bBM/ `2HiBp bi`` BM B?`2` SQbBiBQM mM/ FƺMM2M /7Ƀ` bQ`;2M- /bb
bB+? /2` E`vQbii p2`FBTTiX .B2 oB#`iBQM2M FƺMM2M /m`+? 2BM2 ;2/ KT7i2 M#BM/mM; /2b
hBiMTH ii+?2Mb M /2M EɃ?H}M;2` r2Bi2` `2/mxB2`i r2`/2MX .B2 _2/mFiBQM /B2b2` oB#`iB@
QM Bbi pQM ;`QĽ2` qB+?iB;F2Bi- ;2`/2 mK ?Q+?m~ƺb2M/2 JBF`QbFQTB2#BH/2` m7M2?K2M xm
FƺMM2MX m+? 7Ƀ` /vMKBb+?2 J2bbmM;2M- #2B r2H+?2M /B2 SBt2HTQbBiBQM ;2Mm xrBb+?2M
/2M 2BMx2HM2M "BH/2`M Ƀ#2`2BMbiBKK2M Kmbb- /`7 bB+? /B2 SQbBiBQM /2` S`Q#2 MB+?i  M/2`MX
1BM2 Jƺ;HB+?F2Bi 2H2Fi`Bb+?2 M#BM/mM;2M BM /2` S`Q#2MM ?2 M /2M E`vQbii2M Mxm#`BM@
;2M #B2i2i /B2 Jƺ;HB+?F2Bi m+? M bmT`H2Bi2M/2 S`Q#2M `2bBbiBp2 J2bbmM;2M BK JBF`QbFQT
/m`+?7Ƀ?`2M xm FƺMM2M- bQrB2 /B2 Jƺ;HB+?F2Bi 2BM2M h`MbTQ`ibi`QK BM /B2 S`Q#2 2BM xm
bT2Bb2MX q2Bi2`?BM FƺMMi2M #2BbTB2Hbr2Bb2 bmT`H2Bi2M/2 aTmH2M bi`mFim`B2`i r2`/2M- r2H@
+?2 /B`2Fi ?BMi2` /2` S`Q#2 THixB2`i r2`/2M mK 2BM J;M2i72H/ xm 2`x2m;2MX
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ETBi2H 3 SQi2MiBH mM/ mb#HB+F
1BM2 /2` ;`ƺĽi2M >2`mb7Q`/2`mM;2M 7Ƀ` hB27i2KT2`im`K2bbmM;2M BK JsuJla Bbi-
/bb /b JBF`QbFQT MB+?i 7Ƀ` bQH+?2 mb;2H2;i BbiX .b JBF`QbFQT Bbi QTiBKB2`i 7Ƀ` J2bbmM@
;2M /2` J;M2iBbB2`mM;b/vMKBF mM/ MB+?i 7Ƀ` iB272 h2KT2`im`2MX lK iB272`2 h2KT2`@
im`2M 2``2B+?2M xm FƺMM2M Bbi 2BM2 FQKTH2ii2 L2m2MirB+FHmM; /2b JBF`QbFQTb ?BMbB+?iHB+?
iB272` h2KT2`im`2M MQir2M/B;X
6Ƀ` /B2 wmFmM7i Bbi /B2 lMi2`bm+?mM; pQM u"*P@6BHK2M KBi FɃMbiHB+?2M o2`MF2`mM;b@
bi2HH2M rB2 "wP (Rye) Q/2` "uLhP (Ryd) bB+?2`HB+? pQM ;`QĽ2K AMi2`2bb2X .KBi /2` ?B2`
p2`r2M/2i2M J2i?Q/2 /B2b2 o2`MF2`mM;bbi2HH2M BM bi`mFim`2HH2M ##BH/mM;2M rB2 m+?
/b o2`MF2`M /2` 6Hmbb7`QMi bB+?i#` ;2K+?i r2`/2M FMMX
mb#HB+F,
.2` M2m2 E`vQbii bQrB2 /B2 M2m2 S`Q#2MT` T`iBQM 2`ƺzM2i pƺHHB; M2m2 h?2K2M;2#B2i2-
r2H+?2 KBi _bi2``ƺMi;2MKBF`QbFQTB2 xm; M;HB+? r2`/2MX 6Ƀ` /B2 lMi2`bm+?mM; pQM am@
T`H2Bi2`M #2b+?` MFi xmK D2ixB;2M w2BiTmMFi /B2 :`ƺĽ2 /2` K;M2iBb+?2M .QK M2M bQrB2
/2`2M qM/bi `F2 /B2 ƺ`iHB+?2 m~ƺbmM;X 1BM r2b2MiHB+?2` a+?`Bii mK /B2b2 J2i?Q/2 /2`
oBbmHBbB2`mM; pQM K;M2iBb+?2K 6Hmbb m7 FH2BM2M G M;2MbFH2M r2Bi2` pQ`Mxmi`2B#2M
Bbi /B2 r2Bi2`2 PTiBKB2`mM; /2` 72``QK;M2iBb+?2M a2MbQ`b+?B+?iX :2`/2 mK /B2 oBbmHB@
bB2`mM; pQM 2BMx2HM2M 6HmbbHBMB2M xm 2`Kƺ;HB+?2M bBM/ /B2 1B;2Mb+?7i2M /2` a2MbQ`b+?B+?i
2Mib+?2B/2M/X .B2 m~ƺbmM; /2` _ƺMi;2MKBF`QbFQTB2 pQM Φ = 10−2Φ0 Bbi ;2M2`2HH mb`2B@
+?2M/ mK 2BMx2HM2M 6HmbbHBMB2M m~ƺb2M xm FƺMM2M D2/Q+? MQ+? F2BM2 :`MiB2 ?B2`7Ƀ`X
1Mib+?2B/2M/ ?B2` Bbi /b o2`?Hi2M /2` .QK M2M BM /2` a2MbQ`b+?B+?iX aBM/ /B2b2 FH2BM
;2Mm;\ EHTT2M /B2b2 2BMx2HM mK mM/ Ƀ#2`HTT2M bB+? MB+?i\ .B2b bBM/ BMi2`2bbMi2 6`@





.b h?2K /B2b2` `#2Bi Bbi /B2 *?`Fi2`BbB2`mM; pQM K;M2iBb+?2M ai`mFim`2M BM >Q+?@
i2KT2`im`bmT`H2Bi2`M KBii2Hb _ƺMi;2MKBF`QbFQTB2 BM ?ƺ+?bi2` P`ibm~ƺbmM;X >B2`7Ƀ`
rm`/2 KBii2Hb J;M2iQQTiBF /B2 S`Q#2M +?`Fi2`BbB2`i mK 2BM2 "bBb 7Ƀ` p2`;H2B+?2M@
/2 J2bbmM;2M KBii2Hb _ƺMi;2MKBF`QbFQTB2 xm ?#2MX "2B/2 J2i?Q/2M #2`m?2 /`m7- /bb
2BM2 a2MbQ`b+?B+?i /m`+? /b ai`2m72H/ /2b amT`H2Bi2`b K;M2iBbB2`i rB`/X
.B2 ai `F2 /2b ai`2m72H/2b 2BM2b amT`H2Bi2`b bi2B;i KBi bBMF2M/2` h2KT2`im` r2b?H# 2BM
M2m`iB;2` >2HBmKF`vQbii 7Ƀ` /b #2bi2?2M/2 _ƺMi;2MKBF`QbFQT JsuJla K avM@
+?`Qi`QM "2bbv AA BM "2`HBM- FQMbi`mB2`i mM/ BM "2i`B2# ;2MQKK2M rm`/2X .B2 o2`r2M/mM;
2BM2b >2HBmKF`vQbii2M mM/ /KBi MB2/`B;2`2` h2KT2`im`2M Hb /B2 pQ`?2`B; p2`7Ƀ;#`2M
80E 2`Kƺ;HB+?i m+? /B2 xmFɃM7iB;2 o2`r2M/mM; M/2`2` amT`H2Bi2`X
Ç Hb 72``QK;M2iBb+?2 a2MbQ`b+?B+?i rm`/2 *Q62" U*Q9y629y"kyV Q/2` S2`KHHQv
ULB3y62kyV p2`r2M/2iX .B2b2 a+?B+?i2M rm`/2M /B`2Fi m7 /ɃMM2 a+?B+?i2M /2b
>Q+?i2KT2`im`@amT`H2Bi2`b u"*P Uu"k*mjPd@δV m7;2bTmii2`iX
Ç 6Ƀ` *Q62" rm`/2 2BM2 a+?B+?i/B+F2 pQM 30 MK p2`r2M/2i mM/ 7Ƀ` S2`KHHQv 50 MKX
6Ƀ` /B2 o2`r2M/mM; pQM S2`KHHQv Bbi 2b 2bb2MiB2HH 2BM2 wrBb+?2Mb+?B+?i pQM 5 MK
ahP m7 /2M amT`H2Bi2` m7xm#`BM;2MX "2B/2 a+?B+?i r+?b2M KQ`T? m7 /2K am@
T`H2Bi2` m7X
6QH;2M/2 q2+?b2HrB`FmM;2M FQMMi2M xrBb+?2M /2` a2MbQ`b+?B+?i mM/ /2K bmT`H2Bi2M/2M
Ji2`BH #2Q#+?i2i r2`/2MX
Ç P?M2 ahP@a+?mixb+?B+?i FQKKi 2b xm` LB+F2H/BzmbBQM BM /2M amT`H2Bi2` mM/ /KBi
xm` o2`KBM/2`mM; /2` ai`QK/B+?i2 bQrB2 /2` ɂ#2`;M;i2KT2`im`X
Ç .B2 a iiB;mM;bK;M2iBbB2`mM; #H2B#i 7Ƀ` D2/2b Ji2`BH 2`?Hi2M- /B2 EQ2`xBiBp72H/@
bi `F2 ? M;i D2/Q+? bi`F pQM /2` P#2`~ +?2Mbi`mFim` /2b amT`H2Bi2`b #X
Nd
ETBi2H N wmbKK2M7bbmM;
hB272`2 h2KT2`im`2M #2B /2` _ƺMi;2MKBF`QbFQTB2 #`BM;2M M2m2 >2`mb7Q`/2`mM;2M KBi
bB+?X .2` pQ`KHb p2`r2M/2i2 h1u@JQ/mb Bbi Q#2`~ +?2Mb2MbBiBp mM/ /2br2;2M Mm` #2@
/BM;i ;22B;M2i 7Ƀ` hB27i2KT2`im`K2bbmM;2MX :`mM/ ?B2`7Ƀ` Bbi /B2 "BH/mM; 2BM2` 1Bbb+?B+?i
m7 /2` S`Q#2 mM/ /KBi 2BM2 _2/mxB2`mM; /2b aB;MHbX wm` GƺbmM; rm`/2M `ƺMi;2Mi`Mb@
T`2Mi2 S`Q#2M ?2`;2bi2HHi 7Ƀ` /B2 J2bbmM; BM h`MbKBbbBQMX .B2b #2/2mi2i 2BM2 _2/mFiBQM
/2` am#bi`i/B+F2 m7 mMi2` 700 MKX >B2`7Ƀ` bBM/ 7QH;2M/2 a+?`Bii2 rB+?iB;,
Ç ai`mFim`B2`mM; /2` bmT`H2Bi2M/2M a+?B+?iX
Ç "2b+?B+?i2M KBi /2` a2MbQ`b+?B+?iX
Ç J2+?MBb+?2b .ɃMM2M /2b am#bi`ibX
Ç .ɃMM2M m7 /B2 ;2rQHHi2 _2bi/B+F2 KBii2Hb 6Q+mb2/ AQM "2KX
h`MbKBbbBQMbK2bbmM;2M bBM/ pQM /2` "BH/mM; 2BM2` 1Bbb+?B+?i m7 /2` S`Q#2 mM#22BM~mbbi
mM/ 2`Hm#2M 2b /m2`?7i #2B iB272M h2KT2`im`2M xm K2bb2MX
.B2 AMbiHHiBQM /2b M2m`iB;2M >2HBmKF`vQbii2M BM /b _ƺMi;2MKBF`QbFQT JsuJla
K+?i /B2b xmK 2`bi2M mM/ 2BMxB;2M _bi2``ƺMi;2MKBF`QbFQT r2Hir2Bi r2H+?2b #2B iB272M
h2KT2`im`2M K2bb2M FMMX .B2 S`Qx2bbb+?`Bii2 ?BM xm` S` T`iBQM pQM `ƺMi;2Mi`Mb@
T`2Mi2M- 2TBiFiBb+?2M 6BHK2M m7 2BMF`BbiHHBM2M am#bi`i2M Bbi M2m`iB; mM/ 2BM2 1`@
r2Bi2`mM; /B2b2` J2i?Q/BF xm` ##BH/mM; K;M2iBb+?2 ai`mFim`2M pQM amT`H2Bi2`M BM
?ƺ+?bi2` K;M2iBb+?2`@ mM/ P`ibm~ƺbmM;X .B2b2 1`r2Bi2`mM;2M bQHH2M /B2b2 J2i?Q/2 xm`
*?`Fi2`BbB2`mM; pQM amT`H2Bi2`M r2Bi2` pQ`M#`BM;2M mM/ M2m2 1BM#HB+F2 BM /b o2`M@
F2`mM;bp2`?Hi2M /2b K;M2iBb+?2M 6Hmbb2b mM/ xmFɃM7iB; 2BMx2HM2` 6HmbbHBMB2M HB272`MX .2`
oQ`i2BH /B2b2` J2i?Q/2 HB2;i /`BM- /bb Mr2M/mM;bM?2 S`Q#2M p2`r2M/2i r2`/2M FƺM@
M2M- bQrB2 /B2 /B`2Fi2 EQ``2HiBQM /2b K;M2iBb+?2M 6Hmbb2b KBi /2` P#2`~ +?2Mbi`mFim`X
1b FQMMi2 2BM2 M2m2 J2i?Q/2 xm` S` T`iBQM pQM `ƺMi;2Mi`MbT`2Mi2M S`Q#2M ;2x2B;i
r2`/2MX .KBi p2`#mM/2M rm`/2M 2`biKHB;2 lMi2`bm+?mM;2M /2` o2`MF2`mM; /2` K@
;M2iBb+?2M 6Hmbb7`QMi BM h`MbKBbbBQM #2i`+?i2iX >B2` FQMMi2 ;2x2B;i r2`/2M- /bb /B2
6Hmbb7`QMi M @+?b2MQ`B2MiB2`i2M mbb+?2B/mM;2M p2`MF2`i r2`/2MX
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GBi2`im`p2`x2B+?MBb
(R) *X CQQbb- CX H#`2+?i- >X Em?M- aX G2QM?`/i- M/ >X E`QMKɃHH2`- J;M2iQ@QTiB+H
bim/B2b Q7 +m``2Mi /Bbi`B#miBQMb BM ?B;?@h+ bmT2`+QM/m+iQ`b- _2TQ`ib QM S`Q;`2bb BM
S?vbB+b- e8 e8RĜd33- /QB,RyXRy33fyyj9@9338fe8f8fkyk UkyykVX
(k) SX 6Bb+?2`- .X@>X EBK- qX *?Q- CX X GB//H2- 1X >X M/2`bQM- M/ .X hX iirQQ/-
aQ7i s@`v KB+`Qb+QTv Q7 MMQK;M2iBbK- Ji2`BHb hQ/v- N keĜjj- /QB,RyXRyRef
aRjeN@dykRUy8VdRjj8@j UkyyeVX
(j) 6X aX q2HHb- X oX SM- sX _X qM;- aX X 62/Qb22p- M/ >X >BH;2MFKT- MHvbBb Q7
HQr@}2H/ BbQi`QTB+ pQ`i2t ;Hbb +QMiBMBM; pQ`i2t ;`QmTb BM u"k*mjPd@t i?BM }HKb
pBbmHBx2/ #v b+MMBM; aZlA. KB+`Qb+QTv- a+B2MiB}+ _2TQ`ib- 8 3edd- /QB,RyXRyj3f
b`2Ty3edd UkyR8VX
(9) *X .B :BQ`;BQ- 6X "Q##- X JX *m+QHQ- X a+`7iQ- aX X JQQ`2- :X E`T2@
i`Qp- .X .Ƕ;QbiBMQ- oX LQpQb/- oX u27`2K2MFQ- M/ JX Ap`QM2- P#b2`piBQM
Q7 bmT2`+QM/m+iBM; pQ`i2t +Hmbi2`b BM af6 ?v#`B/b- a+B2MiB}+ _2TQ`ib- e j388d- /QB,
RyXRyj3fb`2Tj388d UkyReVX
(8) CX _X EB`iH2v- 6mM/K2MiH bim/B2b Q7 bmT2`+QM/m+iQ`b mbBM; b+MMBM; K;M2iB+ BK@
;BM;- _2TX S`Q;X S?vbX- dj Rke8yRĜRke8yR- /QB,RyXRy33fyyj9@9338fdjfRkfRke8yR
UkyRyVX
(e) GX h?B2H- .X _Q?M2`- JX :Mx?Q`M- SX TT2H- 1X L2m- "X JɃHH2`- _X EH2BM2`- .X EQ2H@
H2- M/ SX JH2iBMbFv- ZmMiBiiBp2 MMQb+H2 pQ`i2t BK;BM; mbBM;  +`vQ;2MB+ [mM@
imK K;M2iQK2i2`- Lim`2 LMQi2+?MQHQ;v- RR eddĜe3R- /QB,RyXRyj3fMMMQXkyReXej
UkyReVX
(d) AX :mBHHKƦM- >X am/2`Qr- X 62`MM/2x@S+?2+Q- CX a2bû- _X *Ʀ`/Q#- CX JX .2 h2@
`2b- JX _X A#``- M/ aX oB2B`- .B`2+i Q#b2`piBQM Q7 K2HiBM; BM  irQ@/BK2MbBQMH




(3) 6X aX q2HHb- X oX SM- AX X :QHQp+?MbFBv- aX X 62/Qb22p- M/ X _Qx2M72H/-
P#b2`piBQM Q7 h`MbB2Mi Pp2`+`BiB+H *m``2Mib BM u"*P h?BM 6BHKb mbBM; >B;?@
aT22/ J;M2iQ@PTiB+H AK;BM; M/ .vMKB+ *m``2Mi JTTBM;- a+B2MiB}+ _2TQ`ib-
d 9ykj8- /QB,RyXRyj3fb`2T9ykj8 UkyRdVX
(N) X SHm- aX oH2M+B- LX .2H@oHH2- *X Lpm- JX *BHQM2- X `Q`- 6X E`QMbi-
.X X h2MMMi- sX P#`/Q`b- X aM+?2x- M/ hX SmB;- 1M+Q/BM; J;M2iB+ aii2b
BM JQMQTQH2@GBF2 *QM};m`iBQMb lbBM; amT2`+QM/m+iBM; .Qib- /pM+2/ a+B2M+2-
Reyykyd- /QB,RyXRyykf/pbXkyReyykyd UkyReVX
(Ry) oX _Qm+Q- _X *Ʀ`/Q#- CX JX .2 h2`2b- GX X _Q/`ő;m2x- *X Lpm- LX .2H@oHH2-
:X oB- X aM+?2x- *X JQMiQM- 6X E`QMbi- sX P#`/Q`b- hX SmB;- M/ X S@
Hm- *QKT2iBiBQM #2ir22M amT2`+QM/m+iQ` Ĝ 62``QK;M2iB+ bi`v K;M2iB+ }2H/b
BM u"k*mjPd@t }HKb TB2`+2/ rBi? *Q MMQ@`Q/b- a+B2MiB}+ _2TQ`ib- d 8eej- /QB,
RyXRyj3fb9R8N3@yRd@y8NyN@e UkyRdVX
(RR) *X ai?H- SX m/2?K- CX :` 72- aX _mQĽ- JX q2B;M/- JX a+?KB/i- aX h`2B#2`-
JX "2+?i2H- 1X :Q2`BM;- :X a+?Ƀix- M/ CX H#`2+?i- .2i2+iBM; K;M2iB+ ~mt /Bb@
i`B#miBQMb BM bmT2`+QM/m+iQ`b rBi? TQH`Bx2/ t@`vb- S?vbB+H _2pB2r "- Ny Ry98R8-
/QB,RyXRRyjfS?vb_2p"XNyXRy98R8 UkyR9VX
(Rk) >X EKK2`HBM;?@PMM2b- 6m`i?2` 2tT2`BK2Mib rBi? GB[mB/ >2HBmK :X PM i?2 2H2+i`B+H
`2bBbiM+2 Q7 Sm`2 J2iHb 2i+X oAX PM i?2 am//2M *?M;2 BM i?2 _i2 i r?B+? i?2
_2bBbiM+2 Q7 J2`+m`v .BbTT2`b- G2B/2M *QKKX- Rky#- /QB,?iiT,ffrrrX/r+XFMrX
MHf.GfTm#HB+iBQMbfSlyyyRjk9kXT/7 URNRRVX
(Rj) *X ai?H- SX qHF2`- aX h`2B#2`- :X *?`BbiBMB- :X a+?Ƀix- M/ CX H#`2+?i- lbBM;
K;M2iB+ +QmTHBM; BM #BHv2`b Q7 bmT2`+QM/m+iBM; u"*P M/ bQ7i@K;M2iB+ *Q6@
2" iQ KT bmT2`+m``2Mi ~Qr- 1SG U1m`QT?vbB+b G2ii2`bV- Rye kdyyk- /QB,RyXRkyNf
ykN8@8yd8fRyefkdyyk UkyR9VX
(R9) qX J2BbbM2` M/ _X P+?b2M72H/- 1BM M2m2` 1z2Fi #2B 1BMi`Bii /2` amT`H2Bi7 ?B;F2Bi-
.B2 Lim`rBbb2Mb+?7i2M- kR d3dĜd33- /QB,RyXRyydf"6yR8y9k8k URNjjVX
(R8) 6X GQM/QM M/ >X GQM/QM- amT`H2BimM; mM/ .BK;M2iBbKmb- S?vbB+- k j9RĜj89-
/QB,RyXRyRefayyjR@3NR9Uj8VNyyNd@y URNj8VX
(Re) 6X GQM/QM M/ >X GQM/QM- h?2 1H2+i`QK;M2iB+ 1[miBQMb Q7 i?2 amT`+QM/m+iQ`-
S`Q+22/BM;b Q7 i?2 _QvH aQ+B2iv , Ji?2KiB+H- S?vbB+H M/ 1M;BM22`BM; a+B2M@
+2b- R9N dRĜ33- /QB,RyXRyN3f`bTXRNj8Xyy93 URNj8VX
Ryy
GBi2`im`p2`x2B+?MBb
(Rd) GX qX a+?m#MBFQr- qX AX *?QiF2rBib+?- M/ CX LX _D#BMBM- J;M2iB+ TQ`T2`iB2b Q7
bmT2`+QM/m+iBM; K2iHb M/ HHQvb- w?X 1tT2`X h?2Q`X 6BxX- d kkRĜkjd URNjdVX
(R3) X X #`BFQbQp- PM i?2 J;M2iB+ S`QT2`iB2b Q7 amT2`+QM/m+iQ`b Q7 i?2 a2+QM/
:`QmT- CQm`MH Q7 1tT2`BK2MiH M/ h?2Q`2iB+H S?vbB+b- 8 URN8dVX
(RN) qX SmHB- ɂ#2` /2M wmbKK2M?M; /2b #b+?Hmbb2b /2` 1H2Fi`QM2M;`mTT2M BK iQK
KBi /2` EQKTH2tbi`mFim` /2` aT2Fi`2M- w2Bib+?`B7i 7Ƀ` S?vbBF- jR de8Ĝd3j- /QB,RyX
Ryydf"6ykN3yejR URNk8VX
(ky) qX@EX ErQF- lX q2HT- X :Hix- X 1X EQb?2H2p- EX CX EB?Hbi`QK- M/ :X qX *`@
#i`22- oQ`iB+2b BM ?B;?@T2`7Q`KM+2 ?B;?@i2KT2`im`2 bmT2`+QM/m+iQ`b- _2TQ`ib QM
S`Q;`2bb BM S?vbB+b- dN RRe8yR- /QB,RyXRy33fyyj9@9338fdNfRRfRRe8yR UkyReVX
(kR) lX 1bbKMM M/ >X h` m#H2- h?2 /B`2+i Q#b2`piBQM Q7 BM/BpB/mH ~mt HBM2b BM ivT2 AA
bmT2`+QM/m+iQ`b- S?vbB+b G2ii2`b - k9 8keĜ8kd- /QB,RyXRyRefyjd8@NeyRUedVNy3RN@8
URNedVX
(kk) hX Jibmb?Bi- 6Hmt SBMMBM; BM amT2`+QM/m+iQ`b- pQHmK2 Rd3 Q7 aT`BM;2` a2`B2b BM
aQHB/@aii2 a+B2M+2b- aT`BM;2` "2`HBM >2B/2H#2`;- "2`HBM- >2B/2H#2`;- /QB,RyXRyydf
Nd3@j@e9k@98jRk@y UkyR9VX
(kj) SX :X .2:2MM2b- amT2`+QM/m+iBpBiv Q7 J2iHb M/ HHQvb- //BbQM@q2bH2v URNeeVX
(k9) aX _X 6QHivM- GX *BpH2- CX GX J+JMmb@.`Bb+QHH- ZX sX CB- "X JBQ`Qp- >X qM;-
M/ JX JH2v- Ji2`BHb b+B2M+2 +?HH2M;2b 7Q` ?B;?@i2KT2`im`2 bmT2`+QM/m+iBM;
rB`2- Lim`2 Ji2`BHb- e ejRĜe9k- /QB,RyXRyj3fMKiRN3N UkyydVX
(k8) X *KT#2HH M/ CX 1p2iib- 6Hmt pQ`iB+2b M/ i`MbTQ`i +m``2Mib BM ivT2 AA bmT2`+QM@
/m+iQ`b- /pM+2b BM S?vbB+b- kR RNNĜ9k3- /QB,RyXRy3yfyyyR3djdkyyRyRk33 URNdkVX
(ke) *X SX "1L-J;M2iBxiBQM Q7 >B;?@6B2H/ amT2`+QM/m+iQ`b- _2pB2rb Q7 JQ/2`M S?v@
bB+b- je jRĜjN- /QB,RyXRRyjf_2pJQ/S?vbXjeXjR URNe9VX
(kd) JX AM/2M#QK M/ 1X >X "`M/i- hvT2@AA@bmT2`+QM/m+iQ` bi`BT rBi? +m``2Mi BM 
T2`T2M/B+mH` K;M2iB+ }2H/- S?vbB+H _2pB2r "- 93 URNNjVX
(k3) 1X >X "`M/i- JX oX AM/2M#QK- M/ X 6Q`FH- hvT2@AA amT2`+QM/m+iBM; ai`BT BM




(kN) .X :QHH M/ >X E`QMKɃHH2`- >B;?@T2`7Q`KM+2 T2`KM2Mi K;M2ib- Lim`rBbb2M@
b+?7i2M- 3d 9kjĜ9j3- /QB,RyXRyydfbyyRR9yy8yd88 UkyyyVX
(jy) "X CQb2T?bQM- SQbbB#H2 M2r 2z2+ib BM bmT2`+QM/m+iBp2 imMM2HHBM;- S?vbB+b G2ii2`b- R
k8RĜk8j- /QB,RyXRyRefyyjR@NRejUekVNRjeN@y URNekVX
(jR) aX h`2B#2`- .B2 ai#BHBi i /2b bi`QKi`;2M/2M wmbiM/b BM J;"k a+?B+?i2M KBi KQ@
/B}xB2`i2` JBF`Qbi`mFim`- *mpBHHB2` o2`H; :ƺiiBM;2M UkyRkVX
(jk) GX X .Q`QbBMbFBB- oX AX LBFBi2MFQ- X X SQHvMbFBB- JX AM/2M#QK- uX PbbBTǶvM- M/
oX oHbFQ@oHbQp- aim/B2b Q7 >ha* +`vbiH K;M2iBxiBQM 72im`2b mbBM; BM/B+iQ`
K;M2iQQTiB+ }HKb rBi? BM@THM2 MBbQi`QTv- S?vbB+ *, amT2`+QM/m+iBpBiv- kyj R9NĜ
R8e- /QB,RyXRyRefyNkR@98j9UNkVNy8kR@. URNNkVX
(jj) *X ai?H- J;M2iBb+?2 _ƺMi;2MKBF`QbFQTB2 M >Q+?i2KT2`im`@amT`H2Bi2`M- *mpBH@
HB2` o2`H; :ƺiiBM;2M UkyR8VX
(j9) *X CQQbb M/ X 6Q`FH- h?B+FM2bb M/ `Qm;?M2bb /2T2M/2M+2 Q7 K;M2iB+ ~mt T2M2@
i`iBQM M/ +`BiB+H +m``2Mi /2MbBiB2b BM u"k*mjPd@ i?BM }HKb- S?vbB+ *, Ę- kee
kj8Ĝk8k- /QB,?iiT,ff/tX/QBXQ`;fRyXRyRefyNkR@98j9UNeVyyjjN@8 URNNeVX
(j8) *X CQQbb- _X q`i?KMM- X 6Q`FH- M/ >X E`QMKɃHH2`- >B;?@`2bQHmiBQM K;M2iQ@
QTiB+H BK;BM; Q7 +`BiB+H +m``2Mib BM u"k*mjPd@δ i?BM }HKb- S?vbB+ *, amT2`+QM@
/m+iBpBiv- kNN kR8Ĝkjy- /QB,RyXRyRefayNkR@98j9UNdVyR33d@s URNN3VX
(je) :X a+?Ƀix- qX q;M2`- qX qBH?2HK- SX EB2MH2- _X w2HH2`- _X 6`?K- M/ :X Ji2`HBF-
#bQ`TiBQM Q7 +B`+mH`Hv TQH`Bx2/ t `vb BM B`QM- S?vbB+H _2pB2r G2ii2`b- 83 djdĜ
d9y- /QB,RyXRRyjfS?vb_2pG2iiX83Xdjd URN3dVX
(jd) "X hX h?QH2- SX *``- 6X a2ii2- M/ :X oM .2` GM- s@`v +B`+mH` /B+?`QBbK
b  T`Q#2 Q7 Q`#BiH K;M2iBxiBQM- S?vbB+H _2pB2r G2ii2`b- e3 RN9jĜRN9e- /QB,
RyXRRyjfS?vb_2pG2iiXe3XRN9j URNNkVX
(j3) *X *?2M- uX A/x2`/- >X@CX GBM- LX aKBi?- :X J2B;b- 1X *?#M- :X >Q- 1X S2HH2;`BM-
M/ 6X a2ii2- 1tT2`BK2MiH *QM}`KiBQM Q7 i?2 s@_v J;M2iB+ *B`+mH` .B+?`QBbK
amK _mH2b 7Q` A`QM M/ *Q#Hi- S?vbB+H _2pB2r G2ii2`b- d8 R8kĜR88- /QB,RyXRRyjf
S?vb_2pG2iiXd8XR8k URNN8VX
(jN) SX *``- "X hX h?QH2- JX Hi`2HHB- M/ sX qM;- s@`v +B`+mH` /B+?`QBbK M/ HQ+H




(9y) CX aiƺ?`- 1tTHQ`BM; i?2 KB+`Qb+QTB+ Q`B;BM Q7 K;M2iB+ MBbQi`QTB2b rBi? s@`v K@
;M2iB+ +B`+mH` /B+?`QBbK UsJ*.V bT2+i`Qb+QTv- CQm`MH Q7 J;M2iBbK M/ J;M2iB+
Ji2`BHb- kyy 9dyĜ9Nd- /QB,RyXRyRefayjy9@338jUNNVyy9yd@k URNNNVX
(9R) CX aiƺ?`- s@`v K;M2iB+ +B`+mH` /B+?`QBbK bT2+i`Qb+QTv Q7 i`MbBiBQM K2iH i?BM
}HKb- CQm`MH Q7 1H2+i`QM aT2+i`Qb+QTv M/ _2Hi2/ S?2MQK2M- d8 k8jĜkdk- /QB,
RyXRyRefyje3@ky93UN8Vyk8jd@8 URNN8VX
(9k) JX q2B;M/- a+MMBM; s@`v KB+`Qb+QTv QM K;M2iB+ pQ`i2t bi`m+im`2b- *mpBHHB2`
o2`H; :ƺiiBM;2M UkyR9VX
(9j) .X LQHH2- JX q2B;M/- :X a+?Ƀix- M/ 1X :Q2`BM;- >B;? +QMi`bi K;M2iB+ M/ MQM@
K;M2iB+ bKTH2 +m``2Mi KB+`Qb+QTv 7Q` #mHF M/ i`MbT`2Mi bKTH2b mbBM; bQ7i
s@`vbX- JB+`Qb+QTv M/ KB+`QMHvbBb , i?2 Q{+BH DQm`MH Q7 JB+`Qb+QTv aQ+B2iv Q7
K2`B+- JB+`Q#2K MHvbBb aQ+B2iv- JB+`Qb+QTB+H aQ+B2iv Q7 *M/- Rd 3j9Ĝ9k-
/QB,RyXRyRdfaR9jRNkdeRRyyy8ey UkyRRVX
(99) qX *?Q- SX 6Bb+?2`- hX hvHBbx+xF- aX _2Fr- 1X M/2`bQM- M/ SX LmHH2m- _2H
bT+2 bQ7i t@`v BK;BM; i Ry MK bTiBH `2bQHmiBQM- PTiB+b 1tT`2bb- ky Nddd- /QB,
RyXRje9fP1XkyXyyNddd UkyRkVX
(98) EX E2bFBM#Q`- *X :`ûp2Mi- M/ lX 1B;2Mi?H2`- _TB/ S`QiQivTBM; Q7 6`2bM2H wQM2
SHi2b pB .B`2+i :Y AQM "2K GBi?Q;`T?v 7Q` >B;?@_2bQHmiBQM s@`v AK;BM;-
+b LMQ- d Nd33ĜNdNd- /QB,RyXRykRfMM9yjkN8F UkyRjVX
(9e) .X LQHH2- JX q2B;M/- SX m/2?K- 1X :Q2`BM;- lX qB2b2KMM- *X qQHi2`- 1X LQHH2-
M/ :X a+?Ƀix- lMB[m2 +?`+i2`BxiBQM TQbbB#BHBiB2b BM i?2 mHi` ?B;? p+mmK b+M@
MBM; i`MbKBbbBQM t@`v KB+`Qb+QT2 Ul>o@ahsJV ǳJsuJlaǴ mbBM;  `Qii#H2
T2`KM2Mi K;M2iB+ }2H/ mT iQ yXkk h- _2pB2r Q7 a+B2MiB}+ AMbi`mK2Mib- 3j y9eRRk-
/QB,RyXRyejfRX9dydd9d UkyRkVX
(9d) CX :X "2/MQ`x M/ EX X JɃHH2`- SQbbB#H2 >B;? h+ amT2`+QM/m+iBpBiv BM i?2 "ěGě
*měP avbi2K- BM w2Bib+?`B7i 7Ƀ` S?vbBF " *QM/2Mb2/ Jii2`- pQHmK2 RNj- kedĜkdR-
aT`BM;2`- .Q`/`2+?i- /QB,RyXRyydfNd3@N9@yRR@Rekk@ynjk URN3eVX
(93) JX EX qm- CX _X b?#m`M- *X CX hQ`M;- SX >X >Q`- _X GX J2M;- GX :Q- wX CX >mM;-
uX ZX qM;- M/ *X qX *?m- amT2`+QM/m+iBpBiv i Nj E BM  M2r KBt2/@T?b2 u#@"@




(9N) CX _X :pH2`- amT2`+QM/m+iBpBiv BM L#aBM;H2 "QM/ bB;M:2 }HKb #Qp2 kk E- TTHB2/
S?vbB+b G2ii2`b- kj 93yĜ93k- /QB,RyXRyejfRXRe89Nee URNdjVX
(8y) uX EKB?`- >X >B`Kibm- JX >B`MQ- _X ErKm`- >X uM;B- hX EKBv- M/
>X >QbQMQ- A`QM@"b2/ Gv2`2/ amT2`+QM/m+iQ`, GP62S- CQm`MH Q7 i?2 K2`B+M
*?2KB+H aQ+B2iv- Rk3 RyyRkĜRyyRj- /QB,RyXRykRfDyejj88+ UkyyeVX
(8R) uX EKB?`- hX qiM#2- JX >B`MQ- M/ >X >QbQMQ- A`QM@#b2/ Hv2`2/ bmT2`@
+QM/m+iQ` G(PR@t6t)62b Ut4 yXy8@yXRkV rBi? h+ 4 ke E- CQm`MH Q7 i?2 K2`B+M
*?2KB+H aQ+B2iv- Rjy jkNeĜjkNd- /QB,RyXRykRfD3yyydjK Ukyy3VX
(8k) X JHQx2KQz- CX JMM?`i- M/ .X a+HTBMQ- >Q+?i2KT2`im`@amT`H2Bi2` BM /2`
h2+?MBF, ky C?`2 >Q+?i2KT2`im`@amT`H2BimM;- S?vbBF BM mMb2`2` w2Bi- jd RekĜReN-
/QB,RyXRyykfTBmxXkyyeyRRyj UkyyeVX
(8j) CX GX J+JMmb@.`Bb+QHH- aX X >``BM;iQM- CX >X .m``2HH- :X 1`+QHMQ- >X qM;-
CX >X G22- *X 6X hbB- "X JBQ`Qp- X Em`bmKQpB+- M/ aX *X qBK#mb?- >B;? +m``2Mi-
HQr +Qbi u"*P +QM/m+iQ`běr?iǶb M2ti\- amT2`+QM/m+iQ` a+B2M+2 M/ h2+?MQHQ;v-
kj yj9yyN- /QB,RyXRy33fyN8j@ky93fkjfjfyj9yyN UkyRyVX
(89) JX EBKm`- JX JibmQ- JX Jm`FKB- EX arMQ- M/ aX Jibm/- *?`+i2`BxiBQM
Q7 QtB/2 bmT2`+QM/m+iQ` #v K2Mb Q7 s@`v /Bz`+iQK2i`v M/ s@`v #bQ`TiBQM M2`
2/;2 bi`m+im`2X- AaAC AMi2`MiBQMH- kN kRjĜkkk- /QB,RyXkj88fBbBDBMi2`MiBQMHXkNXkRj
URN3NVX
(88) "X amM- SX >`iKM- *X qQ2Mb/`2;i- M/ >X a+?KB/- ai`m+im`H KQ`T?QHQ;v Q7
u"k*mjPd@t- CQm`MH Q7 *`vbiH :`Qri?- Ryy ey8ĜeR9- /QB,RyXRyRefyykk@yk93UNyV
Nyk8N@L URNNyVX
(8e) uX sX :mQ- _X >ǠB2`- hX :`7- M/ 6Bb+?2`-  h1J bim/v Q7 KB+`Qbi`m+im`2b BM 
u"*P QtB/2 7Q`K2/ #v Rkj M/ *mP BMi2`;`Qri?- S?vbB+ *, amT2`+QM/m+iBpBiv M/
Bib TTHB+iBQMb- RNN 9j8Ĝ999- /QB,RyXRyRefyNkR@98j9UNkVNy9jR@" URNNkVX
(8d) CX JX h`M[m/- X >X JQm//2M- X AX :QH/KM- SX wQHHBF2`- .X 1X *Qt- :X a?B`@
M2- aX EX aBM?- .X oFMBM- .X *X CQ?MbiQM- JX aX Hp`2x- X CX C+Q#bQM- CX hX
G2rM/QrbFB- M/ CX JX L2rbK- MiB72``QK;M2iBbK BM u"k*mjPeYt- S?vbB+H
_2pB2r "- j3 k9ddĜk938- /QB,RyXRRyjfS?vb_2p"Xj3Xk9dd URN33VX
Ry9
GBi2`im`p2`x2B+?MBb
(83) CX .X CQ`;2Mb2M- "X qX o2H- X SX SmHBFb- GX LQrB+FB- :X qX *`#i`22- >X *Hmb-
M/ qX EX ErQF- ai`m+im`H T`QT2`iB2b Q7 Qtv;2M@/2}+B2Mi u"k*mjPd@/- S?vbB+H
_2pB2r "- 9R R3ej- /QB,RyXRRyjfS?vb_2p"X9RXR3ej URNNyVX
(8N) SX JM+- aX aMM- :X *H2biMB- X JB;HBQ`B- aX GTBMbFb- M/ 1X 1X hQ`Mm-
P`i?Q`?QK#B+ HQr@i2KT2`im`2 bmT2`bi`m+im`2b BM u"k*mjPeYt- S?vbB+H _2pB2r
"- ej Rj98Rk- /QB,RyXRRyjfS?vb_2p"XejXRj98Rk UkyyRVX
(ey) .X SH- aX _KF`Bb?MM- X EX :`Qp2`- .X .b;mTi- M/ "X EX a`K- oQ`i2t
T?b2 /B;`K Q7  r2FHv TBMM2/ u"k*mjPd@δ +`vbiH 7Q` > %% +- amT2`+QM/m+iQ`
a+B2M+2 M/ h2+?MQHQ;v- R8 k83ĜkeR- /QB,RyXRy33fyN8j@ky93fR8fkfjR9 UkyykVX
(eR) 1X >X "`M/i M/ lX 1bbKMM- h?2 6Hmt@GBM2 GiiB+2 BM hvT2@AA amT2`+QM/m+iQ`b-
T?vbB+ biimb bQHB/B U#V- R99 RjĜj3- /QB,RyXRyykfTbb#XkkkR99yRyj URN3dVX
(ek) _X X .QvH2- X JX *KT#2HH- M/ _X 1X aQK2F?- .B`2+i Q#b2`piBQM Q7 BMi`BMbB+
TBMMBM; BM u"*P i?BM }HKb- S?vbB+H _2pB2r G2ii2`b- dR 9k9RĜ9k99- /QB,RyXRRyjf
S?vb_2pG2iiXdRX9k9R URNNjVX
(ej) >X >BH;2MFKT M/ CX JMM?`i- :`BM #QmM/`B2b BM ?B;?@h+ bmT2`+QM/m+iQ`b- _2@
pB2rb Q7 JQ/2`M S?vbB+b- d9 938Ĝ89N- /QB,RyXRRyjf_2pJQ/S?vbXd9X938 UkyykVX
(e9) X X SQHvMbFBB- X :m`2pB+?- X 1X Sb?BibFB- LX 6X >2BMB;- _X .X _2/rBM;- CX 1X
LQ`/KM- M/ .X *X G`#H2biB2`- J;M2iQ@QTiB+H bim/v Q7 ~mt T2M2i`iBQM M/ +`B@
iB+H +m``2Mi /2MbBiB2b BM (yyR) iBHi u"k*mjPd@δ i?BM@}HK #B+`vbiHb- S?vbB+H _2pB2r
"- 8j 3e3dĜ3eNd- /QB,RyXRRyjfS?vb_2p"X8jX3e3d URNNeVX
(e8) .X .BKQb- SX *?m/?`B- M/ CX JMM?`i- amT2`+QM/m+iBM; i`MbTQ`i T`QT2`iB2b BM
u"k*mjPd #B+`vbiHb- S?vbB+H _2pB2r "- 9R 9yj3Ĝ9y9N- /QB,RyXRRyjfS?vb_2p"X
9RX9yj3 URNNyVX
(ee) EX :mi?- oX "Q`M- *X "`M/i- aX aB2p2`b- >X *X 6`2v?`/i- M/ *X CQQbb- AKT`Qp2/
;`BM #QmM/`v +m``2Mib BM i2tim`2/ u"k*mjPδ i?BM }HKb QM #B+`vbiHHBM2 LB bm#@
bi`i2b- amT2`+QM/m+iQ` a+B2M+2 M/ h2+?MQHQ;v- Rd e8Ĝdy- /QB,RyXRy33fyN8j@ky93f
RdfRfyRR Ukyy9VX
(ed) JX *`KQ/v- GX J`Fb- M/ EX J2`FH2- *m``2Mi i`MbTQ`i HQM; ;`BM #QmM/`B2b BM




(e3) 1X ;QbiBM2HHB- aX E+BmHBb- M/ JX oBiiQ`B@MiBb`B- :`2i `2/m+iBQM Q7 T`iB+mHi2b BM
TmHb2/ Hb2` /2TQbBiBQM Q7 ;Ĝ*Q }HKb #v mbBM;  b?/2/ Qz@tBb ;2QK2i`v- TTHB2/
am`7+2 a+B2M+2- R8e R9jĜR93- /QB,RyXRyRefayReN@9jjkUNNVyy9Ny@y UkyyyVX
(eN) X AMK- *X hX _Q;2`b- _X _K2b?- EX _2Kb+?MB;- GX 6``Qr- .X >`i- hX o2MFi2@
bM- M/ "X qBHF2Mb- @tBb Q`B2Mi2/ 2TBitBH u"k*mjPd@tɢS`"k*mjPd@v ?2i2`Qbi@
`m+im`2b- TTHB2/ S?vbB+b G2ii2`b- 8d k939Ĝk93e- /QB,RyXRyejfRXRy9RdN URNNyVX
(dy) sX uX w?2M;- .X >X GQrM/2b- aX w?m- CX .X "m/B- M/ _X CX q`K+F- 1`Hv bi;2b
Q7 u"*P 2TBitBH ;`Qri? QM J;P M/ ahP- S?vbB+H _2pB2r "- 98 d839 URNNkVX
(dR) AX J`FQp M/ aX aiQvMQp- J2+?MBbKb Q7 2TBitBH ;`Qri?- *QMi2KTQ``v S?vbB+b-
k3 kedĜjky- /QB,RyXRy3yfyyRyd8R3dy3kRNydj URN3dVX
(dk) _X qƺ`/2Mr2#2`- :`Qri? Q7 ?B;?@h+ i?BM }HKb- amT2`+QM/m+iQ` a+B2M+2 M/ h2+?@
MQHQ;v- Rk _3eĜ_Ryk- /QB,RyXRy33fyN8j@ky93fRkfefkyk URNNNVX
(dj) >X C2;2`- a+`2r /BbHQ+iBQMb, h?2 F2v iQ ?B;? +`BiB+H +m``2Mib BM u"k*mjPd- /@
pM+2/ Ji2`BHb- j 8yNĜ8RR- /QB,RyXRyykf/KXRNNRyyjRyRj URNNRVX
(d9) "X >QHxT72H- "X _Qb- GX a+?mHix- SX "m2`- M/ :X a2KMMɢAb+?2MFQ- PzɢtBb
Hb2` /2TQbBiBQM Q7 u"k*mjPd@δ i?BM }HKb- TTHB2/ S?vbB+b G2ii2`b- eR jRd3ĜjR3y-
/QB,RyXRyejfRXRydN8R URNNkVX
(d8) GX EBT;2M- >X 6mH`- JX _Dm- M/ aX *?m/?`v- AM@THM2 K;M2iB+ MBbQi`QTv
M/ +Q2`+Bp2 }2H/ /2T2M/2M+2 mTQM i?B+FM2bb Q7 *Q62"- CQm`MH Q7 J;M2iBbK M/
J;M2iB+ Ji2`BHb- jk9 jRR3ĜjRkR- /QB,RyXRyRefDXDKKKXkyRkXy8XyRk UkyRkVX
(de) CX >vFr- aX AF2/- 6X JibmFm`- >X hF?b?B- M/ >X P?MQ- .2T2M/2M+2 Q7
:BMi hmMM2H J;M2iQ`2bBbiM+2 Q7 aTmii2`2/ *Q62"fJ;Pf*Q62" J;M2iB+ hmMM2H
CmM+iBQMb QM J;P "``B2` h?B+FM2bb M/ MM2HBM; h2KT2`im`2- CTM2b2 CQm`MH
Q7 TTHB2/ S?vbB+b- 99 G83dĜG83N- /QB,RyXRR9jfCCSX99XG83d Ukyy8VX
(dd) >X J2M;- qX >X GmK- _X a#B- aX uX >X Gm- M/ >X EX hM- MM2HBM; 2z2+ib
QM *Q62"@J;P K;M2iB+ imMM2H DmM+iBQMb rBi? T2`T2M/B+mH` MBbQi`QTv- CQm`MH Q7
TTHB2/ S?vbB+b- RRy yjjNy9- /QB,RyXRyejfRXjeRR9ke UkyRRVX
(d3) .X :`+ø- CX JmƢQx- :X Em`HvM/bFv- JX ox[m2x- JX HB- M/ JX :B##b- AM/m@
+2/ MBbQi`QTv- K;M2iB+ /QKBM bi`m+im`2 M/ K;M2iQBKT2/M+2 2z2+i BM *Q62"




(dN) :X L?`rQH/- CX JX a+?QHivbb2F- aX JQiH@wB2;H2`- PX H#`2+?i- lX J2`Fi- M/ :X J2B@
2`- ai`m+im`H- K;M2iB+- M/ i`MbTQ`i T`QT2`iB2b Q7 S2`KHHQv 7Q` bTBMi`QMB+ 2tT2@
`BK2Mib- CQm`MH Q7 TTHB2/ S?vbB+b- Ry3- /QB,RyXRyejfRXj9jRj39 UkyRyVX
(3y) LX EQb?BxmF M/ aX hDBK- /pM+2b BM amT2`+QM/m+iBpBiv sA- aT`BM;2` URNN3VX
(3R) CX H#`2+?i- aX aQHiM- M/ >X@lX >#2`K2B2`- J;M2iB+ TBMMBM; Q7 ~mt HBM2b BM
?2i2`Qbi`m+im`2b Q7 +mT`i2b M/ KM;MBi2b- S?vbB+H _2pB2r "- dk yNk8yk- /QB,
RyXRRyjfS?vb_2p"XdkXyNk8yk Ukyy8VX
(3k) CX H#`2+?i- h2KT2`im`2@/2T2M/2Mi TBMMBM; Q7 pQ`iB+2b BM HQr@M;H2 ;`BM #QmM/`B2b
BM u"k*mjPd@/- S?vbB+H _2pB2r "- e3 y898y3- /QB,RyXRRyjfS?vb_2p"Xe3Xy898y3
UkyyjVX
(3j) *X Eix2`- *X ai?H- SX JB+?HQrbFB- aX h`2B#2`- 6X a+?KB/H- SX a2B/2H- CX H@
#`2+?i- M/ :X a+?Ƀix- :QH/ MMQ+`vbiHb BM ?B;?@i2KT2`im`2 bmT2`+QM/m+iBM; }HKb,
*`2iBQM Q7 TBMMBM; Tii2`Mb Q7 +?QB+2- L2r CQm`MH Q7 S?vbB+b- R8 RRjykN- /QB,
RyXRy33fRjed@kejyfR8fRRfRRjykN UkyRjVX
(39) 6X *QHmiQ- .X *`KQ- X JX >X /2 M/`/2- X X JX PHBp2B`- qX X P`iBx-
M/ hX >X CQ?Mb2M- MBbQi`QTB+ i?2`KQK;M2iB+ pHM+?2 +iBpBiv BM }2H/@+QQH2/
bmT2`+QM/m+iBM; }HKb- S?vbB+H _2pB2r "- Ne yey8ye- /QB,RyXRRyjfS?vb_2p"XNeX
yey8ye UkyRdVX
(38) wX a27`BQmB- .X `Bb- oX S2Ƣ- CX 1X oBHH2;b- JX o`2H- SX S`B2iQ- *X G2ƦM- CX GX
J`iBM2x- M/ CX aMiK`B- 62``QK;M2iB+fbmT2`+QM/m+iBM; T`QtBKBiv 2z2+i BM
GyXd*yXjJMPjfu"k*mjPd@δ bmT2`HiiB+2b- S?vbB+H _2pB2r "- ed kR98RR- /QB,
RyXRRyjfS?vb_2p"XedXkR98RR UkyyjVX
(3e) CX H#`2+?i- X hX Jip22p- CX ai`2KT72`- >X lX >#2`K2B2`- .X oX a?Mib2p-
uX JX :HT2`BM- M/ hX >X CQ?Mb2M- .`KiB+ `QH2 Q7 +`BiB+H +m``2Mi MBbQ@
i`QTv QM ~mt pHM+?2b BM J;"k }HKb- S?vbB+H _2pB2r G2ii2`b- N3 jĜe- /QB,
RyXRRyjfS?vb_2pG2iiXN3XRRdyyR UkyydVX
(3d) GX LX "mH2pbFBB- 1X JX *?m/MQpbFv- M/ JX SX JH2v- J;M2iB+ TBMMBM; BM
bmT2`+QM/m+iQ`@72``QK;M2i KmHiBHv2`b- TTHB2/ S?vbB+b G2ii2`b- de k8N9Ĝk8Ne- /QB,
RyXRyejfRXRke9RN UkyyyVX
(33) *X ai?H- J;M2iQQTiBb+?2 lMi2`bm+?mM;2M M ;`MmH`2M mM/ #2b+?B+?i2i2M J;"k
6BHK2M- .BTHQK`#2Bi- lMBp2`bBi i aimii;`i UkyRRVX
Ryd
GBi2`im`p2`x2B+?MBb
(3N) aX _mQbb- *X ai?H- CX "v2`- :X a+?mix- CX H#`2+?i- M/ 6X GpBMQ- >B;?@_2bQHmiBQM
MHvbBb Q7 *m``2Mib i GQr@M;H2 :`BM "QmM/`B2b BM u"*P h?BM 6BHKb lbBM;
J;M2iQQTiB+b M/ J;M2iB+ s@_v JB+`Qb+QTv- A111 h`Mb+iBQMb QM TTHB2/ am@
T2`+QM/m+iBpBiv- ke RĜe- /QB,RyXRRyNfha*XkyReXk89NR3y UkyReVX
(Ny) CX JMM?`i- :X >KK2`H- X a+?K2?H- _X _X a+?mHx- "X :Q2ix- >X "B2H272H/i- *X qX
a+?M2B/2`- M/ >X >BH;2MFKT- 1M?M+2/ bmT2`+m``2Mi /2MbBiv BM TQHv+`vbiHHBM2
u"k*mjPd@δ i dd E 7`QK +H+BmK /QTBM; Q7 ;`BM #QmM/`B2b- Lim`2- 9yd RekĜ
Re9- /QB,RyXRyj3fj8yk8yR9 UkyyyVX
(NR) X :m`2pB+? M/ GX .X *QQH2v- MBbQi`QTB+ ~mt TBMMBM; BM  M2irQ`F Q7 THM` /272+ib-
S?vbB+H _2pB2r "- 8y Rj8ejĜRj8de- /QB,RyXRRyjfS?vb_2p"X8yXRj8ej URNN9VX
(Nk) CX H#`2+?i- aX G2QM?`/i- M/ >X E`QMKm2HH2`- AM~m2M+2 Q7 pQ`i2t@pQ`i2t BMi2`+iBQM
QM +`BiB+H +m``2Mib +`Qbb HQr@M;H2 ;`BM #QmM/`B2b BM u"k*mjPd@δ i?BM }HKb-
S?vbB+H _2pB2r "- ej d- /QB,RyXRRyjfS?vb_2p"XejXyR98yd UkyyyVX
(Nj) *X ai?H- aX _mQĽ- JX q2B;M/- JX "2+?i2H- :X a+?Ƀix- M/ CX H#`2+?i- J;M2iB+
t@`v KB+`Qb+QTv i HQr i2KT2`im`2b Ĝ oBbmHBxiBQM Q7 ~mt /Bbi`B#miBQMb BM bmT2`@
+QM/m+iQ`b- BM AS S`Q+22/BM;b- pQHmK2 ReNe- ykyyjR- /QB,RyXRyejfRX9Njd8k8 UkyReVX
(N9) X >BM/K`+?- *X EBMM2- JX J+E2MxB2- CX *?TKM- JX >2MBMB- .X hvHQ`- .X `2@
M- CX .pQ`F- "X >B+F2v- M/ *X J``Qrb- AMi2`7+2 AM/m+2/ lMBtBH J;M2iB+
MBbQi`QTv BM KQ`T?Qmb *Q62" 6BHKb QM H:bUyyRV- S?vbB+H _2pB2r G2ii2`b-
Ryy RRdkyR- /QB,RyXRRyjfS?vb_2pG2iiXRyyXRRdkyR Ukyy3VX
(N8) .X iFBMbQM- .X X HHrQQ/- :X sBQM;- JX .X *QQF2- *X *X 6mHFM2`- M/ _X SX
*Qr#m`M- J;M2iB+ /QKBM@rHH /vMKB+b BM  bm#KB+`QK2i`2 72``QK;M2iB+ bi`m+@
im`2X- Lim`2 Ki2`BHb- k 38Ĝd- /QB,RyXRyj3fMKi3yj UkyyjVX
(Ne) hX h`mMF- JX _2/D/H- X EFv- JX 6X _mM2- M/ 6X "X >mKT?`2v- .QKBM rHH
bi`m+im`2 BM S2`KHHQv }HKb rBi? /2+`2bBM; i?B+FM2bb i i?2 "HQ+? iQ Lû2H i`MbBiBQM-
CQm`MH Q7 TTHB2/ S?vbB+b- 3N deyeĜdey3- /QB,RyXRyejfRXRj88j8d UkyyRVX
(Nd) aX _mQĽ- *X ai?H- JX q2B;M/- SX w?M- CX "v2`- :X a+?Ƀix- M/ CX H#`2+?i- h?2
`QH2 Q7 BM/BpB/mH /272+ib QM i?2 K;M2iB+ b+`22MBM; Q7 >ha* }HKb- L2r CQm`MH Q7
S?vbB+b- R3 Ryjy99- /QB,RyXRy33fRjed@kejyfR3fRyfRyjy99 UkyReVX
Ry3
GBi2`im`p2`x2B+?MBb
(N3) .X aX :2KK2HH- *?MM2HBM; M/ `2Hi2/ 2z2+ib BM i?2 KQiBQM Q7 +?`;2/ T`iB+H2b
i?`Qm;? +`vbiHb- _2pB2rb Q7 JQ/2`M S?vbB+b- 9e RkNĜkkd- /QB,RyXRRyjf_2pJQ/S?vbX
9eXRkN URNd9VX
(NN) *X X oQHF2`i M/ X JX JBMQ`- 6Q+mb2/ AQM "2K JB+`Qb+QTv M/ JB+`QK+?BMBM;-
J_a "mHH2iBM- jk j3NĜjNN- /QB,RyXR88dfK`bkyydXek UkyydVX
(Ryy) 6X >Q7KMM- 1X h`H2iQM- _X CX >`/2`- LX qX S?BHHBTb- SX@qX J- CX LX *H`F-
AX EX _Q#BMbQM- "X ##2v- qX GBm- M/ *X 1X "2+F- j. HiiB+2 /BbiQ`iBQMb M/ /272+i
bi`m+im`2b BM BQM@BKTHMi2/ MMQ@+`vbiHb- a+B2MiB}+ _2TQ`ib- d 98NNj- /QB,RyXRyj3f
b`2T98NNj UkyRdVX
(RyR) "X >2MF2- 1X :mHHBFbQM- M/ CX .pBb- s@_v AMi2`+iBQMb, S?QiQ#bQ`TiBQM- a+i@
i2`BM;- h`MbKBbbBQM- M/ _2~2+iBQM i 1 4 8y@jy-yyy 2o- w 4 R@Nk- iQKB+ .i
M/ Lm+H2` .i h#H2b- 89 R3RĜj9k- /QB,RyXRyyef/M/XRNNjXRyRj URNNjVX
(Ryk) sJ*. h`MbKBbbBQM oHm2bX
(Ryj) aX _mQĽ- *X ai?H- JX q2B;M/- :X a+?Ƀix- M/ CX H#`2+?i- >B;?@`2bQHmiBQM /B+?@
`QB+ BK;BM; Q7 K;M2iB+ ~mt /Bbi`B#miBQMb BM bmT2`+QM/m+iQ`b rBi? b+MMBM; t@`v
KB+`Qb+QTv- TTHB2/ S?vbB+b G2ii2`b- Rye ykkeyR- /QB,RyXRyejfRX9Ny8e83 UkyR8VX
(Ry9) .X "X CM- CX uX *QmHi2`- JX 1X >rH2v- GX LX "mH2pbFBB- JX SX JH2v- ZX sX
CB- "X "X J`MpBHH2- 6X >2HHKM- M/ sX ZX SM- 6Hmt TBMMBM; 2M?M+2K2Mi BM
72``QK;M2iB+ M/ bmT2`+QM/m+iBM; i?BM@}HK KmHiBHv2`b- TTHB2/ S?vbB+b G2ii2`b-
3k dd3Ĝd3y- /QB,RyXRyejfRXR89ked9 UkyyjVX
(Ry8) uX GB- aX GBMx2M- 6X J+?H2ii- 6X a+?KB/H- M/ SX a2B/2H- _2+Qp2`v Q7 bmT2`@
+QM/m+iBpBiv M/ `2+`vbiHHBxiBQM Q7 BQM@/K;2/ u"k*mjPd@t }HKb 7i2` i?2`@
KH MM2HBM; i`2iK2Mi- S?vbB+ *, amT2`+QM/m+iBpBiv- k9j kN9Ĝjyk- /QB,RyXRyRef
yNkR@98j9UN8VyyyR8@R URNN8VX
(Rye) CX >mM;- GX GB- sX qM;- wX ZB- JX X SX a2#biBM- hX CX >m;M- M/ >X qM;-
1M?M+2/ 6Hmt SBMMBM; S`QT2`iB2b Q7 u"*P h?BM 6BHKb rBi? o`BQmb SBMMBM; GM/@
b+T2b- A111 h`Mb+iBQMb QM TTHB2/ amT2`+QM/m+iBpBiv- kd- /QB,RyXRRyNfha*X
kyReXkejdjR8 UkyRdVX
(Ryd) GX PT?2`/2M- JX aB2;2`- SX S?HF2- _X >Ƀ?M2- GX a+?mHix- X J2H2/BM- :X oM
h2M/2HQQ- _X Lbi- "X >QHxT72H- JX "BM+?2iiB- CX GX J+JMmb@.`Bb+QHH- M/
RyN
GBi2`im`p2`x2B+?MBb
CX > MBb+?- G`;2 TBMMBM; 7Q`+2b M/ Ki+?BM; 2z2+ib BM u"k*mjPd@δ i?BM }HKb
rBi? "kuUL#fhVPe MMQ@T`2+BTBii2b- a+B2MiB}+ _2TQ`ib- e kRR33- /QB,RyXRyj3f
b`2TkRR33 UkyReVX
.MFb;mM;
M /B2b2` ai2HH2 Kƺ+?i2 B+? KB+? #2B HH2M S2`bQM2M #2/MF2M /B2 KB+? r ?`2M/ K2BM2`
S`QKQiBQMbT?b2 mMi2`biɃixi ?#2M pQ` HH2K #2B,
Hb 2`bi2b Kƺ+?i2 B+? >2``M S`Q7X .`X SmH a2B/2H 7Ƀ` /B2 ɂ#2`M?K2 /2b >mTi#2`B+?ib
q2Bi2`?BM Kƺ+?i2 B+? S`Q7X .`X CQ+?BK H#`2+?i- /2` KB+? r ?`2M/ /2` Jbi2``#2Bi mM/
/2` .QFiQ``#2Bi BKK2` mMi2`biɃixi mM/ /b pQM B?K KB` 2Mi;2;2M ;2#`+?i2 o2`i`m2M
#2/MF2MX
"2B 6`m S`Q7X .`X :Bb2H a+?Ƀix r2H+?2 2b KB` 2`Kƺ;HB+?i ?i K2BM2 `#2Bi K Jt@
SHM+F@AMbiBimi /m`+? xm 7Ƀ?`2MX
6`m .`X *Hm/B ai?H 7Ƀ` /B2 iQHH2 wmbKK2M`#2Bi mM/ /B2 ;2;2Mb2BiB;2 lMi2`biɃixmM;
r ?`2M/ x?H`2B+?2` ai`?Hx2Bi2MX
CmHBM aBKK2M/BM;2` KBi /2K B+? /b H2ixi2 C?` 2`7QH;`2B+? xmbKK2M `#2Bi2M /m`7i2X
>2``M .`X J`Fmb q2B;M/ 7Ƀ` /B2 lMi2`biɃixmM; BM "2`HBM mM/ HH2K rb BK wmbKK2M@
?M; KBi /2K JsuJla bi2?iX
>2``M JB+?2H "2+?i2H 7Ƀ` /B2 i2+?MBb+?2 lMi2`biɃixmM; BM "2`HBMX
J2BM2M xr2B 2?2KHB;2M Jbi2`bim/2Mi2M- CQMb "v2` mM/ Si`B+F w?M- KBi /2M2M B+?
iQHH2 w2Bi2M BK G#Q` mM/ BM "2`HBM p2`#`BM;2M /m`7i2X
"2`M/ Gm/2b+?2` 7Ƀ` D2;HB+?2 i2+?MBb+?2 lMi2`biɃixmM; BM aimii;`iX
h?2`2b2 .`;QM 7Ƀ` /B2 S` T`iBQM /2` S`Q#2M mM/ /2` HH;2K2BM2M lMi2`biɃixmM; BM
aimii;`iX
lH`BF2 1B;2Mi?H2` 7Ƀ` /B2 1BMr2BbmM; BM /b 6A" mM/ 7Ƀ` /2M KQ`;2MiHB+?2M 1bT`2bbQX
LiɃ`HB+? m+? /2` ;Mx2M #i2BHmM; a+?Ƀix 7Ƀ` /B2 bmT2` w2Bi K JSA mM/ /B2 Q7iKHb
m+? p2``Ƀ+Fi2M 1tT2`BK2Mi2X
J2BM2M xr2B EQKKBHBiQM2M mM/ #2bi2M 6`2mM/2M h?QKb 1ixH mM/ 6#BM a+?mbi2` 7Ƀ`
/B2 bmT2` w2Bi r ?`2M/ /2K aim/BmK mM/ /B2 /m2`?7i2 lMi2`biɃixmM;X
J2BM2` 6`2mM/BM .Q`Qi?2 /B2 KB+? ;2`/2 BM /2` 1M/T?b2 /2` `#2Bi BKK2` KQiBpB2`i
mM/ mMi2`biɃixi ?iX
lM/ MiɃ`HB+? K2BM2M 1Hi2`M /B2 2b KB` /b aim/BmK Ƀ#2`?mTi 2`Kƺ;HB+?i ?#2M mM/
/B2b2 `#2Bi /m`+?xm7Ƀ?`2MX
1?`2Mrƺ`iHB+?2 1`FH `mM;
A+? 2`FH `2 ?B2`KBi 2?`2Mrƺ`iHB+?- /bb B+? /B2 pQ`HB2;2M/2 `#2Bi b2H#bi M/B;- Q?M2 mM@
xmH bbB;2` >BH72 .`Bii2` mM/ Q?M2 "2MmixmM; M/2`2` Hb /2` M;2;2#2M2M >BH7bKBii2H mM/
GBi2`im` M;272`iB;i ?#2X .B2 mb /2M Zm2HH2M /B`2Fi Q/2` BM/B`2Fi Ƀ#2`MQKK2M2M .i2M
mM/ EQMx2Ti2 bBM/ mMi2` M;#2 pQM Zm2HH2M ;2F2MMx2B+?M2iX
q2Bi2`2 S2`bQM2M r`2M M /2` BM?HiHB+?@Ki2`B2HH2M 1`bi2HHmM; /2` pQ`HB2;2M/2M `#2Bi
MB+?i #2i2BHB;iX AMb#2bQM/2`2 ?#2 B+? ?B2`7Ƀ` MB+?i /B2 2Mi;2HiHB+?2 >BH72 pQM o2`KBiiHmM;b@
#xrX "2`imM;b/B2Mbi2M US`QKQiBQMb#2`i2` Q/2` M/2`2 S2`bQM2MV BM MbT`m+? ;2MQK@
K2MX LB2KM/ ?i pQM KB` mMKBii2H#` Q/2` KBii2H#` ;2H/r2`i2 G2BbimM;2M 7Ƀ` `#2Bi2M
2`?Hi2M- /B2 BK wmbKK2M?M; KBi /2K AM?Hi /2` pQ`;2H2;i2 .Bbb2`iiBQM bi2?2MX
.B2 `#2Bi rm`/2 #Bb?2` r2/2` BK AM@ MQ+? BK mbHM/ BM ;H2B+?2` Q/2`  ?MHB+?2` 6Q`K
2BM2` M/2`2M S`Ƀ7mM;b#2?ƺ`/2 pQ`;2H2;iX
.B2 ;2Hi2M/2 S`QKQiBQMbQ`/MmM; /2` S?vbBFHBb+?2@bi`QMQKBb+?2M 6FmHi i Bbi KB` #2@
FMMiX
A+? p2`bB+?2`2 2?`2Mrƺ`iHB+?- /bb B+? M+? #2bi2K qBbb2M /B2 `2BM2 q?`?2Bi ;2b;i mM/
MB+?ib p2`b+?rB2;2M ?#2X
P`i- .imK ai2T?2M _mQĽ
